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ABSTRACT,
"Experiments were carried out in a small forced-draught‘water cooling^
•>;' tower. The results were analysed- by a graphical method due to Mickley(3l)?
which enabled the estimation-*of the gas- and liquid-film heat transfer 
7 coefficients as; .well as .-the gas-film masa;<bransfer coefficient.
7 The group of experiments has a factorial design 'and it was possible 
. •./' ’.correlate the results in terms of the -three major operating'variable
Rate, Water Rate and Packed Height. „ Two .-complete sets-of experiments were 
carried out. Tho first showed the limitations of the method which 1 ■* , H
to -
ariables Air’
. f
rV/;r 
I 1
' g a v e  h i g h l y : s a t i s f a c t o r y  r e s u l t s ,  s h o w i n g ; t h a t  t h e  m e t h o d  i s  o x t r o m e l y  ,
; • •  /  7 '  u s e f u l  u n d e r  ' / s u i t a b l B  / C Q n d i i i o n s -  o f / d
It is also shown that the liquid-film heat 
.transfer coefficient is far from negligible in the present work and it is ; 
felt that it.ought to be.included in the design of water cooling apparatus.' 
/: Equations are presented describing the variations of the throe film / . / y
‘coefficients' and the tie-line slope with change in magnitude of the three HJ 
‘ major operating variables. These are found to agroe well with those of • /;>. 
other workers whose experiments were- carried out in more or less the same V \ 
range of Air and Water Rate but, with much larger'Packed Heights. . ;.,
7 * \ , *> * . - - - The Mickley method of analysis is considered to
\ , s : be potentially very important, - however a considerable amount of work is 7/ “ 
needed to try to increase its range of applicability to all cases before 
it can be used to its fullest advantage#
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General Introduction. ’ ■ : ;
In many industrial processes the need arises to discard large quanti^ 
ties of surplus heat# Although it would seem better to transfer this 
waste heat directly to the atmosphere, it is usually more economical to 
employ cooling water, even though the water has to be cooled for re-use 
by direct contact with air. A direct contact method is preferred as the 
heat transfer coefficients for a metal surface to air are very much 
smaller than those from a metal surface to a turbulent water stream#- >>The 
primaxy heat transfer surface is consequently much smaller if water is 
used instead of . air# ■ The saving is usually more than enough to offset ' 
the cost of the subsequent cooling of the water by air in relatively 
inexpensive equipment, where advantage may be taken of the rapid self- 
cooling of the water by partial evaporation# - - V:. r>
Water' .cooling- towers generally consist of large chambers loosely 
filled with trays or decks of wooden boards or slats# The water to be;.; , * 
cooled is pumped to the top of the tower, where it is distributed through - 
sprays or troughs to the top deck of the padding. It then falls down r 
through the pacldng, either as a film completely wetting the slats,/or, as 
a rain splashing from5 deck to deck, according to the design of the, tower. ;
Air is allowed to pass horizontally through the tower due to wind 
currents, or is passed vertically upward counter^current to the water 
flow. In the case of counter-current, towers! the air motion may be due , 
to the natural chimney effect of the warm moist air in the tower, or may 
be caused by fans at the bottom (forced draught) dr at the top (induced 
draught) of the tower# '"7. / V ■ • : ’• -
• n • \  v  7 •
5 /•' - f‘f'In; recent years, cross fiov/; atmospheric, towers have, 'been largely . . \
. ,7 superseded by the more efficient and economical contra-flow type. The - / / ■’ 7 7 f 
77 y. practice in Great Britain seems to favour use of chimney type natural ". , 7 7 7
v draught towers in preference to mechanical draught towers, whereas-;in the 7  7  
United States the emphasis is almost entirely on mechanical draught units. ; .
;, 1 i 24'/.y-_y;7' Historical Survey 7 7/',’77 / 7  7+X X • ’7 7 7/;7 / 7 7 .
7/ • 7  - 5 7  Water has been used as an industrial coolant for many years, 5 but it 7‘ 7  7 !
7 - . " . ; is only in the last 100< years.; that any, attempt has been made to use and/ 7 7 .7 7 7
•7;-// ; re-use water in a closed system incorporating some form of water cooler. \ 7
During the Indtistrial Revolution and growth of the Factory, System, ..new • 7  :"7
. ■ ./factories; sprang up on the traditional riverside sites, which, in con-.;/' -. +'777 
7  . . sequence, soon became overcrowded. This overcrowding resulted in legis- - 
7 \. lation to reduce river pollution by v/orlcs effluent including in 1890 (1)
77 7 7 discharge of cooling; water at. a temperature of more, than 11.0OF/ihtp any /;:/7 
- *: \ , riyeror stream. Howbver,. it was slightly; before this time that attention ;
/• *• 4 was- first paid to recirculating systems in which only small quantities of 
fresh water were, added to/^make: up losses.: .-', .Z/: .7 -7/7/77’/ ’7/7/' - ...77;
-.7 . • It., was realised as early as: 1836, when Gossage,; (2) introduced .th© 7 7
; :• 7  coke packed: tower for ^ drochlorlc aqid:'absorptioh> -7 hat,$/'^dr>m^ 7 7 /
/- / efficiency, the liquid and gas phases should be split up ini?o as’ many7 ':7 '/7:7 /:;
streams as possible in order to present the maximum possible surf ac 
■-,7; contactbetweenthem. Although there is^considerable vol-ume of literature / 7 
7 : 'relating to the use of random packed towers in the gas arid allied industries,
/ /v - -v there is ;littie evidence for supposing that such/towers were used f 7,7 //
7 .7 ' .water cooling. 777- . /;-/7 7 7  • .7 7 7  7:/;7 77.7 : ;/-> / /7 '7..; •; - ,/77 7/7y7';-7
e for
Z  - 3
7 Z 7  The -.1868 edition*of "Treatise on the manufacture of Coal Gas" by , 7 7
S. Clegg jun. (3) describes many types of tower,' but there-is still, v7 ■ 7
as yet? no reference to a grid packed tower of any sort* - In 1869 > Z Z + Z / Z / !  
however, A.C. Pass (A) patented what is now known as the cross flue ; .
packing. This consisted of a .series of frames laid one upon-; the-. other, 7- ''y/ :/ 
theslats in each frame being seti at right, angles to the next. 7 This, 7  .! >7/+7?Z 
,-apparatus was not designed as a. water -cooler and does not appear to have -> 77/77
ever been used as such. - ,7 . -v 7 7 Z :
A patent taken out by Ckmningham (5/ in 1875" states that thef eur^ht ^ -77® 
, practice was to use a chamber filled -with stacks of tree branches. ' 7:7 - 
Cunningham suggested the use of a wooden lath packing with the laths laid ’
7 flat side upwahds and spaced’ so that laths in the next layer took up places +777 
under the; spaces in the adjacent one. Apparently industry did not utilize 7777;' 
Cunningham1 s invention as in 1887, Hart (6) suggested replacing the' Z Z '  " : 
"commonly used furze packed towers" by a ‘"gallows like erection" consisting 
. of two uprigj.it pillars /upon which a trough was. placedi; 7lfeter, pumped into 7- 777 
this trough, passed through smll perforations in the underside- arid 'then 7 7  7 7  
flowed down into a pond across-7 11 *by § ,f boards nailed to the supports, . ; 7?# 
alternate boards beingnailed -to? q^osite sides. .7 In a book by Herring (7)7+777 
'• written in 1895Zit is recordedthat a Raft'd packing was introducedinthe; 7  j7
gas industry by Goorgo Livesey in 1866, . which was found by trial and error . 
to be nrqst efficient when successive frimes were placed at right angles. 
Unfortunately,: reference to Livesey* s original work was destroyed in'the 
war, and so it - is left to con jecture as. to who was the real inventor. of : they/;/;'
- cross . flue packing,. Livesey or . Pass. •/ : Z r77/Zy . Z Z Z / / Z Z Z  Z Z Z Z Z t ^
The first use of wooden cross flue grids for water cooling is 
credited to Klein (8) in Germany, who took out a patent for a forced 
draught tower in 1890, and extended this to a natural draught tower in 
1895 (9)* In 1891, Capitaine, (10) also in Germany, introduced a grid 
packed induced draught water cooler. It is not known how successful; these 
towers were, hut in 1897, ICLoin (11) took out another patent, for a water 
cooling tower, packed this time with wired bundles of brushwood]
• ' • , v .fa n . .
It was well established by this time that wood was a satisfactory 
material for the construction of both, shell and packing of a water
cooling tower, and apart from various patents for modifica tions in
tower construction, it appears that no further major advance was made \
until the design and erection in 1917 of the first ferro-concrete fa
"hyperbolic" natural draught tower by Professor von The r son (12) in 
collaboration with the. Chief Engineer of the City of Amsterdam. Similar 
towers were also constructed in other parts of Holland; The first tower 
was erected in this country in 1925 at the Lister Drive Power Station of 
the Liverpool Corporation. Since then, however, over 500 such units 
have been constructed in this country. • .
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2. I* ." Introduction to, :and development- of the 7Z':Z Z -'Z / Z  7+ 
’ \ ;+■"•+ theoiy availahle^ for tho analysis of Bago 57
7 7  / , 0 o o i i n g 5 T p ^ f s / ; : 7 ; v -: Z + 7 ; 7 , 7 / / + . : V '  ' Z V /  7  5 ‘* 7 /  Z / ' Z / Z
+2.2* / Cooling yTower theory .7: / ;=+• fi ' / Z S ' /  . Z # #
.7- +7:y ‘2.2 •T*Zr Graphical solution of Mr-Water/- ZyyZ z Z 7; 4$;
; ’ 7-. Z.- 7 inter act ipn; problems 7 Z / Z .  .7 ; Z Z 7 Z ;Z  '7 7 7 7
;:7-7'■ 2*2*2*7. Method forthe deamination ofr 7/77-7 Z ‘' Z-77. 
; 777 - 777;;-’'-'7 . the' film coefficients; from experimental7 ' Z7 20
'7 7 7 7  . 7 7 v data:,--,= 7 y+Yy/v 7 7 :* -77+.:, Z r7-7. Z Z  :y:7 Z  7/
2*3* 7 A s s u m p t io n s  m a d e  . i n 7 t h e  d e v e l o p m e n t  o f  *
■ - Z  t h e ;  t h e o r y  , 7 Z 7  -/--7 ■' 7 .1 - :  ',:cZ7Z7 -7 7-
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/ +/ :; 2.1; Introduction to.5 and development of the theory available forZhe 
+ -' *7 / , y . analysis of Cooling Towers* Z  v;
7"//7; .',7/.. . yin general it can be stated that nor major advance has boon made in % 7 7 >7
Y y Z Z  7:7+ : the field of Cooling Tower Practice in the last 50 years, although a 5
V; : considerable volume of work has beericarriedout.by a*large numberpf . ; 7.
:7< 7 7 .'7 Workers (tee numerous tolist :hcro)7’on/tqwer Construction,’’ packing:+:+;7a.;7'.Z'ZZ
7 7+/ 7/7 - ,. 7. ’.arrangement, wood. • p^sexv»t_ion, /mtbr- ,trcat^qnt ,v*;spi^yjelimiimti^ 
k X ' y • ' •  mahy/ptl^ t'aspootsvloffit owe'f operation* -t v Z 7• HY.7y7Z / Z l Z y Z
7/:;;Z  . 77 7 ■ -5 7y V; The: mp.st7 important results cfotainbd/AiZ years have- been of -ayy/’ Z Z Z  
: '.y+V; , 7 7 - 7-- -more.: 'ftmd^entalyna^uro;tho: development of a working theory for analysis,'Z- ;+rA 
If 7 % 7 ., of/performance, .and: the+appllcation of fthis^ythed^y to the testing- andY;:f77+ Z f Z  
7 7 y 7 V .../• - y subsequent; design :bf an efficient tower, whose' performance conforms to /
-77'y-: y y7+; ;a ^,predetcrmined ’ specification> 7 7Z. ; *7 7fyZv7'7 .-7 + + 77/- Z Z  * 7 Z Z 7 - Z / Z Z 7 VZ:| 
; 7 7 y-. It> isvof interest to ;-t‘race7frm. ‘their- -ed^ io'st' ;.!bej^ ]iriihgs-. thoy'.-viB^ bUs'YC’ Z Z
7,; Z  Z “Z  7 methods now accepted for analysing Cooling Tower performance, ‘ y<Z/:;/Z-'y/f/Z
Z f / Z Z  Z  77,, •; 7The/pioheer paper on the theory 0#  Cooling; Towers7iS/that7'oi*'7v^''+7+ 7 
:/Z 7 I.VV.Robinson (13) who, in 1907, 7introduced a "factor of merit", as the: 7 7
criterion of performance* For its time it was a remarkable piece of work, 
y Z Z  7 sound in conception, thou^ the calculation of the driving force by the ’ 1 
s’ 7 77-n;. 7 mean temperature difference invalidated the result numerically. - ; 7ZyZ|
No further advance was made until the work of/Q;S. Ik>binson ;(lij) , yZ/7 
7y 7 '7 7 7 • 7 Walker," Lewis and McAdams 1 (15) was published in 1922-3• vTheir approach+Z 
■ Z Z ;Z Z   ^interpreted the, problem of simultaneous heat and mass transfer in terms of 
Z'Z" • the "two fihn" ybheoxy of Miitman (l6), which Assumes that the phases 'are 7:-
-1'.- ii 'A
0 - r t f i  /•;
at. equiiiba&ton;at./the; -.interface .itself/; and that the .( resistance:to 
■ f er of: the diffusing molecules arises from the presence on opposite. s.ide&;fY/jf^ 
: of the interface, of stagiianbfilmsjof #s/and ’lic|ilL&£ 
port; takes; place; by molecular. diffusion. I. This; method/of ; a n a l y s i s " f b ©
'I developed later. I * 0 :T 0 0  0 00- ' ' V * *’ "• *:V/ fi*b:: :A* 7 I- A -  A  ?;
An entirely; different.;iq?proach/is du Coffey & Home j  ■ ■ w h O y i h ' / Y y
evaporation (vap pressure differenqe) yd'tft;t h e ! V ;ppt©hti^:. £^0y/0ffi:0 M  
• sensible/heat transfer (temperature) by a factor
total equivalent driving -potential expressed as a pressure* ; This constant ' ./;• . ‘ 
A;, is the vapour pressure difference in inches of mercury which causes 
a rate of heat transfer by evaporation equal to the rate of heat transfer . 
by conduction across the surfaces in contact caused by a temperature 
difference of 1°F# Furthermore, Coffey and Home, by separating the 
variables relating to air from those relating to water, were able to recog~ '-'R R  
nise the existence of a new function which would take .'into account both / ,v./ •//, / 
conductive and evaporative heat transfer at the same time, and whose r  ^
- individual components would be a measure of the relative cooling proportions" , ,
between the two effects* *■ • . 1 >
*, Xri/1$25# : of Coffey and Home •*
to the design of Cooling Towers, but he integrated the new potential ! J/
function with respect to temperature, which seems to have no meaning and - ,; ;
, which leads nowhere* He gave, however, a very clear mathematical analysis / .
of. the ^ iMderlying ideas of Coffey ahd! Home* A
-  7 -
'.pevolp^eht. /of ,:\the:{,theqry; of :'Coff ey;-dhd; Hqrnp; /aibhg ythey'13hes;v6f;’/ 
Dean, and using a somewhat different notation, re suits yin ah equation 'I;'
having the following f o r n ///
/; , / B/A » Rate of heat transfer, K b .
e
2
St + P j  - ;(Et[0  0. Py)!
W  -./yW , : /  , W * h * v  g\.
^hr ft contact / area) ;
H ~ total heat loss due to 'conduction and evaporation (BTU/hr) V ' 1 0 ./
A =s gross air/water contact surface (ft?) .,,.// ’ A/ty >•/ t -'-'/./y ' yyy/,' A - A y / '^00/ 
Ke“ coefficient of heat : trahsf er/by; evaporation: ^  (in Hg));/;■//y /;
E = equivalent factor = A  in Coffey ^  H o m e 1 s paper#
temperature of water at surface of contact ( °P) / b y . / 1/ nY \ 0 -0
P-p vapour pressure of water at temperature of surface of contact (in Hg) I •/•// 
t^/^/=:wet’bulbytei^ air (°F) ' / 0 0 0 0 0 0 0 0 0 f i:B i\ ''0 :* j;/’ /!•.V/y0 m, (M
saturated vapour pressure of air at 'the wet bulb tempei'ature (in Hg) . F
1 : Dean referred to the two distinct /teims within the square brackets /,/ ;/
on/theright hand side of the equation as the cooling potentials, the 1/ \:Vy -y 
teim (!Ety >;-w:~w' ® ------- d to as the cooling pptential;for water, bgiyeh /
the symbol Gw  and the tern (Et*^ P’g ): being referred to as the cooling 
potential of moist air, given the symbol ©a. Thet otal cooling potential
i s /  t h e r e f o r e  © / V 9 "  V 9  /  ,• Y . • Y-'c- V. ■ w -Y a
Use of /fchp/phase " C o o l i n g s l i g h l ^  /; / * v/i. 
mislpadihg,^/ as ai^ heat t r a n s f e r / p r o c e s s ^ a .  cooling///A 
depending on the view/taken of the process# It will be noted that the vby,.’V  
cooling potential of water/ at any temperature t/ is equalto that of moist ./
air /having a/ wet/bulb temperature/ = t^#/
X X ( l ? ) Z ® #  © s s e n t i a i l y ^ p r a c t i c a l  p a p e r ,  / s u g g e s t e d  
t h a t  t h e  c o o l i n g  p e r f o m a n c e  o f  s i m i l a r  t o w e r s  m i g h t  h e  c o m p a r e d  b y  a  
c o o l i n g  e f f i c i e n c y < E ,  / g i v e n  b y  s -  '
+  7 7 7 , ' : + • + ; + ■ '  \ : ' e  =s '+1 ‘ X  . 100:
where; S subscript-I denotes conditions at thesurface of
contact* There; seems, yhow^ej^ in an expression of
this type* 7 Increasing values of E indicate closer approaches of. the final; 
water 7temperatureto tZ^, thus^^high values represent cooling condit ions
most difficult : A similar treatment, was7 used by Stevenson (20) 5
ip 194Q, and both Nance and; Stevensonapplied/this method of 7epm 
coupled with the use of semi empirioAly charts. to the desiga of atmosphere 
towers# ;7-r,' + -7 ’Y/7:Z 4\ /,/"': v Z;/>;/Z<;y. : 7 . /+7;. 7 //'+' ■ZZ,/;/y Z/Z/v 
In 1942, Simons (21) showed how the temperature pressure drivingY/Z 
force (or totdl equivalent potehtial). might be used in cooling towerwork«y; 
He solved a problem using the temperature ' - pressure5driving force and 
Carriers; Slgna function (22). instead; of enthalpy* He/did not, howey^/;Zp 
use the function proposed by Goffey and Horhe and, by such, failed to take 
full advantage of their work#, / ////•/Zy:/'v>*##/•;/Z//7y:
7 /: / An; Attqmprb; was made by Rasori (23) in 1953 to establish a superiority 
forcooling potential overthe errthalpy driving f orce used by otheryworkers 
(see+latei)^fox*; use in hunddificati^ ' :He rdempn/7:///
st rates thatt cooling potential and enthalpy are not identical, but that Z/y 
they a.i’e; cphnecti^; by ,an equation Thayihg.the f om;;#2;/7 -ZyZrZv//
■ • '• * ;• . ;■ ±  . - ' : b  • / , '  Y ' - 'b  ' •
9 = 1.Q139 (h* + 110)2 - 10*6739 in the range 15 < h ’ < 150 ’Vs s
where © ■.== total cooling potential yY
h f s = enthalpy of saturated air at t ^  ^  enthalpy of moist air at t ^
This is the equation of a parabola having its axis parallel to the h 1 q axis* 
As a result of his work, Rasori advances the opinion that cooling potential 
is a true heat driving force and that specific enthalpy is only an approx­
imation to. one# >•' - .
Rasori integrated the right hand side of his design equation:-
KaV _ 7 t2;;'dt Y
W  ' L 9 - 9 ■ ’ '--•t, w a
by both a tabular and a graphical method* E&uljee & Raman (24)-in 1954* 
simplified the calculation considerably by re-writing the integral as:-
-  9  ~  '.
^ 2  a t  b - 1
, 9 - 9 1 xt, w a ......
1 "
©  -  0w a m
where ( / © - 0 ) is the mean value of the reciprocal of (-8 - © )v. w a'm x N w a
evaluated by Simpsons 1-4-1 rule* This undoubtedly results in a marked 
simplification in v/orld.pg, and the error introduced by the use of this 
short cut is claimed to be less than.
Although this method is fairly simple and appears satisfactory, it 
seems to be fundamentally incomplete as the analysis is carried out purely 
on the .basis of heat transfer* On the whole it is considered that the, 
method of Robinson (14) and Walker. Lewis Si McAdams (15) is more satis­
factory from a fundamental point of view. It is ceftainly the >. more popular
method of analysis and most of the experimental work which has been done ' 
has-used it as the basis* , - • ’ ' V'\ ,/
Investigations carried out by ViT.IC, Lewis (25) in connection with 
humidification and air drying led to the development of fundamental Y
conceptions as to the mechanism, involved in the direct transfer of heat\
between liquids and gases* Hob ins onr s (14) first paper developed the \ Ai. 
equations into, a form suitable for the design of cooling towers; however, / 
he failed to make use of the important. relationship discovered by Lewis (25) 
relating the gas film heat transfer coefficient? the gas film mass transfer 
coefficient and the humid heat of . the air*
The equations for heat and water vapour transfer were first combined + 
by use of this relationship by Merkel and published by him in 1927 (26), 
though a very similar method of calculation was published by Hirsch (27) - * +' 
in the same year* As Merkel’s method is the better known, it will be /
considered in more detail here, ' +:
Merkel’s work demonstrated the utility of enthalpy as a driving force 
to allow for both sensible and latent heat transfer, and explained why 
the inlet day bulb temperature is hot important in determining the cooling 7
obtained in a particular tower with specified air and water rate. He
obtained the equations- /-,/
K A I  2 a t  t2 " t1
W G / , H ’- H Hamonic mean total ht difference ■ j;
P  -
-  11 -
He then showed how, by an approximation, the integration could be carried 
out by substituting the arithmetic. mean.for. the harmonic mean. This, - '0 0  
however, can lead to serious error* The method of integration (referred =;■: 
to as Merkel1 s method) is valuable if used with discretion, and is the 
only method which will give, a quick answer without trial and error*
Merkel f.s theory has been corrected by Lichenstein (28) and is now generally 
referred to as the "Total Heat Method". In the corrected form it still /. J 
ignores variation of air quantity with draught and makes no attempt to 
. calculate the draught created thermally. It .is, therefore, only adequate/, 
for the mechanical draught tower. The theory of natural draught, chimney 
type towers has recently been improved very ably by Wood & Betts-(29). .
It is now necessary, to develop the theory in the form in which it , % 
v/ill be used in the present work. y
2.2. Gooling Tower Theory y .-■ : : , y. . . '• ■>// v ;v
Consider a counter current mechanical draught tower in which water is 
• being cooled by air. The interfacial area between the phases is unknown 
since the total surface area of the packing is not equal to the wetted 
surface* A quantity "a* is therefore defined as the interfacial area for ;
* '■■/' ' . '‘-VY-; • * ' Y/r _ n ■ 1 ‘•V--. • V-. .-.,yY
contact per unit Volume of packed, section (ft /ft ) and is combined with. A  
tl^ e mass transfer coefficient, the latter thus, becoming a volumetric mass 
transfer coefficient. • ' Y;v: ' ; ’yy: ; '-v'y-y ’ .-y '.. ..
It is possible, in the case of a pure film pooler, such as. a wetted 
wall column, t° calculate the interfacial area of contact under controlled
viscous conditions, and it would be convenient to be able to do so for a 
film cooling tower* The problem is that the normal slat-packed tower- .
provides an interfacial surface which is a combination of droplet and 
film surface* Berman (30) states that the free surface of v/ater in a slat 
packed cooling tower consists of:-
(1) The surface of the water film on the slats, which makes up 70-80$; 
of the total water surface^ accounts for 25-30$ of the heat exchange* Y
(ii) The surface of, the larger drops (4*2 - 7*4 mm) which form on the 
lower edges of the slats and drop down, making up about 5$ of the total YZ 
surface and being relatively unimportant for heat exchange* •' 
and (iii) the surface of the - small drops or spray (l,m) .which form v/hen Y 
large drops hit the upper edge of the slats on which they fall, accounting 
for the remaining 15 - 20$ of the surface yet accounting for 65-70$  of they 
heat exchanged, . 7
It is therefore of paramount importance that if an absolute value of 
the mass transfer coefficient is to be obtained, the surface of the droplet 
must be accurately calculated,
: Only a limited amount of work has been done on this problem* Nottage.;
& Boelter (32) state that the total water surface is proportional to the 
number of drops produced from a particular water rate, assuming on average 
drop diameter, and is also proportional to the time necessary for a drop 
to pass through the tower. They integrate a differential equation for 
water droplets falling through air, taking air resistance into account,’ Y-fi 
in order to determine the residence time of the particles in the tower*
VF i g  I  )  S chematic; o /a g /zamof a
However, the assumptions made are so critical to the development that 
the determination of the drop surface cannot he relied upon from this YY 
method, and it is most usual to combine the term ’ a1 with the coefficient 
and use the resultant volumetric coefficient. YA Y-Y
Thus, the general rate equation is modified to the form:- . Y Y
a N a = k&a (p^- Pq) av = kgi (p±- P() adz -------- (1)
where Na ! = number of mols of diffusing material transferred -per Hour Y :Y
- ‘ ' ■ ; ■* 2 '.Abk ss gas phase mass-transfer coefficient (lb mol/hr.ft atm.) • \V
. V  • ¥T . . * * ; - . * . . • * .,/
. v# • 1 /  . * * * ,v .  * 2a A'= inter facial contact area per unit volume of packing (ft /ft -)
p. & p ss partial pressure of the diffusing material at the interface Y ; Cr , •
Y  • ; and in the .bulk of the gg.s phase respectively (atm) . AyA
1 • • ' • >Y ■ -. * ■ * ' -A.* ' p  * y' f.  ' • *.v;s - cross sectional area of the empty tower (ft )
Z » packed height (ft) . A
The combined term lc^ a is considered as a unit, since variations in the - A;A;
individual factors and a are usually unknown and the effect of variatios
of a given factor may be different for and a. .. Y ; . ‘ A A AY
Figure (1) is a schematic diagram of a cooling tower. For the normal
v/oricing conditions encountered, and for the air water system, it is-coh-A,
venient to use the following system of units:- ,-A'A
2G^ = (lb dry air in water vapour mixture/ft c.s.a. of tower.hr)
G^ = lb water/hr.ft2. Y Yr ' 0 0
t ss bulk temperature of air-water vapour mixture A Y
; t 1 ss. bulk temperature. of liquid water (°F) yA’.- AtyY ./Ab
h = sensible heat of water (BoT.U./lb)
H - enthalpy of air-water vapour mixture (BTIJ/lb dry air)
W =?;: humidity of air-water-yepour mixture (lb H^O/lb dry air) : +
Z = height of packed section (ft)
Subscripts 1 & 2 refer to conditions at the bottom and top of the tower
respectively* ‘ / 7* ;•/ x : 7; .. ■
For the differential element of packed volume at a height Z from 
the bottom of the tower, the following material and energy balances may 
be written:; V' .
■ ' d  a ]
a(GLh) = (^ 6H    (3)
where h is the enthalpy of the liquid and H that of the air-water vapour 
mixture* For most cases, the amount of water vapourised is small 
compared with the total water flow, and the change in the heat capacity 
of *the liquid is also small4 t h u s •„ 7
/ a(GLh) = GLc-at'   (4)
where C^is the specific heat of liquid water*
Combining equations (3) and (4) . >
’ - 1 4  -  .
x - % m  — -- — — — (2)
G-L 0 L d t ! =  G ' dH
It
— — -------------- -- (5)
or dH
=  L °L  =  c o n s t a n t
d t *
%  : ■ 7  7 v
Separating the variables and integrating
■ ■ r  h2 + 7  7
Gg j  dH =  G -C - I a t '  ■
N  1 "j i t ,  L L J t  <
% <V HY = Z Z ’a" Z   -----   (C
Equation (6) is-the equation to a straight line on a plot of H vs t ! 
with a slope of G^C^/G-^ and is the equation of the operating line for + 
the tower.
For an air-water vapour, mixture .containing WTb water vapour per lb +; 
dry air and at a temperature of t°F, the enthalpy may be calculated from ., 
•the expression:-
H = 0.22|0(%>- tQ) + W(XQ + 0.45(tg - tQ) /
' ••• dH = 0.24 dt& + 0.45(tGdW + wa-tj,).■■+X ar . ■ /
substituting s = 0*24 + 0.45 W where s = humid heat and neglecting the - +
, term 0.45t(jdW in comparison with 106ldW, the equation simplifies to
1 ZdH « a dtQ. + X QdW . (7) - Z
The datum level for this calculation of enthalpy is taken as 32°F#
Thus tQ = 32°F ^  A  a latent heat of vapourisation of water at 32°F -Z
= 1075.2 BTU/lb.
Considering the rate of sensible heat transfer from the interface 
to the main body of’ the air-water mixture:-
' G G sdtG = V h  % > az' • .. — ------ - (8> 7
. where is the interfacial area for heat transfer per unit volume* 
is the gas phase heat transfer coefficient.
Similarly, considering the rate of heat transfer from the bulk of > + 
liquid to the interface:-
GLCL dt' = hj.ajjCt’ - t'.)az ■   v (9). .,7 ;
where h^ is the liquid-phase heat transfer coefficient#
; V  ■ ' : . Z  -  15  -  ' - . * Z 7  ' •••
Finally, considering the rate of mass transfer, and assuming that the 
mol fraction of water vapour in the gaseous phase is very small, i.e.
p = yP; but when 1 »  y, y*£> Y therefore p ^ I P  »
where y « mol fraction; Y » mol. ratio * then:-
: :6' g* - V k  \  V  Y )az j g < wi - w) 32 . A
or G'GffiV = Mg P C q -  V/) 6Z —  — (-10)
where a^ a  interfacial area for mass.transfer unit volume A  , A  ' A .  A
. My. a molecular weight of water -
a molecular weight of air., : :. . A.’>\
: ' ' * • A ' A ' ‘ * • ' V ' 1 V j ■ : ’ ; '
It has been shown by Lewis (25) that the ratio is equal to the
l U ^ P  ,
humid heat of the air, s* . . ’ " - . /
thus substituting h^ a Ic^M^P.s into equation (8),
G ^ s  dt^ a kG ciji Mg P s tG) <3Z _ • .  (11) :
If both sides of equation (10) are multipleed by 1075*2 and the resulting 
equation added to equation (ii) ■ A !
0«G (l°75*2)dW + G«g s dtG= 1075.2 kGo ^ GP (W.~ W)dZ + tG)<3Z
Since clH « sdtG: + 1075*2 dW from equation; (?) and if a^= a? a ' A 
(see later) •
o<G an «■ a mgp 1075.2(w^ w) +,s(t.- tG) azA
but H.■.* 1075.2 W. + s(t.- t V  and H * 1075.2 W + s(t„- t )
3 . X  >-■ X  O * »> * . • C r .0
therefore O ^ d H  = a MG P (H± - H) dZ — ------- (12) :A
U.G W

Equation (12) and its derivation indicate that an enthalpy difference
(for the air-water mixture). may be uspd as the driving force for cases of
simultaneous heat and mass transfer* By separating the variables J and
assuming that is a constant, equation (12) may be integrated
G*
2^ ... ^Q.a j  dZ ^  ------— .(43)
m . H r H \  G - G  x  G * a
The primary difficulty encountered in the tiae of equation (13) is that the 
• value of the enthalpy at the interface, H., corresponding to a value H in
v YH„ -v . * .' * -■ /  ' ■*» 1 ■ \ •■ >'/»' - ' • •, ■' ■
the main body of the air-water vapour mixture at a given section of the 
tower is not lmoiwi* However, by combining equations (5)# (9) & (i2)
G»g <3H- = hj^ a (f - tq) az a K  a M& •?(!> H)(3K .
therefore - h^a : v _ ~ H
I t  v r  •*»
If it is assumed that no resistance occurs at the interface then
t 1. » t. and equation (14) becomes:-
X  X  •
•- hj, a _ . H. _ II
■ C T E p  “    U; 5)
A curve of H. versus t. is . simply the equilibrium curve representing
c X  X  _ . *
the enthalpy of saturated air-water vapour mixtures versus temperature*
This curve is shown in Eig* 2* 7 . r;. .
Equation (6), for the operating line is also plotted in this figure*
Equation (15) is the equation of a straight line joining a point (H,tf)>
a point on the operating line, with a point (ll, t^) ,/a point on the
• • *18  —
equilibrium line* Itsslope is the left hand tern of equation (15), which 
is the ratio of the liquid film heat transfer coefficient to the gas .A 
film mass transfer coefficient multiplied by certain constants*
;- Y , If ixiformation on the above coefficients is available, equation Y
(15) can be used to determine sets of corresponding points on the operating 
line and on the equilibrium curve* These points are then used to determine 
the enthalpy differences BY - H required for evaluating' in integral in , A ‘ 
equation (1*3) • •• • ■
In 1949, MicldLey (31) proposed an extension to the "Total Heat Method", 
whereby the change in temperature and humidity of the air-water vapour A 
mixture can be followed through the tower and plotted on figure 2* This is 
also vexy useful in that it leads to a method for determining graphically; A 
the individual rate coefficients from a single set of experimental data*.
By taking, the ratio of equation (8) to equation (12) Micldey obtained:
or dH
d t ^
S G s dtG 
G£ dH
% a  ^ i ~  ^q ) ^  ' 
k„a MAP(H. ~1b) dZ
Cr. Cr X  ,
.  V
and since, for the air water system
’ ' . • ' . •* (  ‘
U-* • s . then .. dH
w
H. - Hx-
=  H i
. — H
dt
G

Graphical solution of air-water vapour interaction problems 
Equation ('1*6) states that the rate of change of the enthalpy of an 
air-water vapour mixture with respect to its temperature is the slope of A 
.’a line joining a point (H,tp) with the point (H;,t.) on the equilibrium hAA
• Cr / • 3 . - 1  ■ " ,
curve*
A. Suppose that for a given tower, the operating conditions have been A;: 
fixed and the position of the operating line established. This line may 
be drawn on the same diagram as the equilibrium curve, as in figured*
Point 1 represents the relation between H. and tf. at the bottom of the 
tower where the ;gas enters• Prom the . relations developed in equation (15)A 
the conditions at the interface can be determined (point 2)* Point 3 
represents (H,tG) for the entering air. Equation (16) states that the 
point 3 'will move along a path having a slope the same as that of a line 
joining points 2 & 3. After a short; time, however, conditions in the tower 
will have changed and a new slope will be needed. The point on the oper- , 
ating line, having the same enthalpy as the point 4> representing the 
enthalpy of the air mixture is point 5, and from this a hew set of inter­
face conditions is obtained (point 6) * The slope of the new line
representing the change in air conditions is that .of a line joining the 
points 4 & 6, giving, after a shorb distance, the point 7* The process is 
continued until' an enthalpy equal to that at the other terminal condition A 
of the operating line is reached, (point 8) • Xt is convenient to divide 
the total enthalpy change into approximately equal increments, the length
of each step being dictated by the rate at which the slope changes mad
-  2 0  -
finally by judgnent* In the example shewn diagrammatically in figure 3, 
the final air condition is'given by point 9 and the path of the line 
3,4,7,9 describes the change in condition of the air stream as it passes 
• • up the tower* ' '*’ • - ’ Z
2*2*2 Method for the determination of the rate coefficients from 
experimental data*
A method may be evolved from’the/above procedure for/estimating the Z  
values of the three rate coefficients (k^a, h^a & h^a) from a single set 
of experimental , data* ’•*
For a given packed height, water rate and air rate, the experimental 
data give the inlet and outlet temperatures of the water and the air-water 
vapour mixture* The inlet and outlet humidities and enthalpies may there­
fore be calculated for the air-water vapour mixture and the points 1,3,8 & 9 
plotted,on a,diagram similar to figure 3# The equilibrium curve can be 
constructed from known data and the operating line established by joining 
points 1 & 8* A value, constant throughout the tower, may be assumed for / 
-h^a/k^a M^P. Using this value, such a curve as is determined by points 
3>4>7- • • in figure 3 is constructed* If the curve so constructed does not 
pass through point 9 a different value of the slope (-h^a/k^a M^P) is 
■ .  taken and,the pro.ces repeated until the curve does pass through point
Once this ratio has been established, the value of H for any point in 
the tower may be determined (vertical distances 1-2, 5-6 etc*) From there, 
the numerical value of the integral on the left hand side of equation (13) =
can be obtained by graphical integration, or by use of Steven’s !f! factor
or the log mean method, depending on the degree of accuracy required, 
and the numerical value of kna calculated from it# Prom this value of
. . .  • Cr . • , . ' • ‘ _ • f
lc^ a and the known value of -h^a/l^a h^a is calculated# ..The value of 
h^a is determined from the relationship ^Ga/ ^ a M^P,- where an average 
value of s is used# • ... A .
As sumptions made in the development of the theory— OP— t^ i,»#niin*i^ .-Mir^ nwai T  ■ i — i r— —  — — —Hi i >ianMr«wi^.> • 'Wrntnmmummm mmmmmrmiamm*
The following basic assumptions have been made in the development of 
this-theory: • A. Z / • ■ /'*"■ •
1# The tower is forced draught, count eflow and has a constant cross section* 
2* The-/enthalpy of the gas-water vapour mixture is given by :- " ; /Y
H = s(t&- tQ) + K w  , A
where s - 0#24 + 0*45 W.
3* Interaction of simultaneous heat and mass transfer in the film may be 
ignored as may the resistance to heat or mass transfer, at the interface 
between the two phases# :
4# The enthalpy of the liquid is negligible compared with that of the vapour 
5# Evaporation of water is negligible > A
6# Variation in humid heat may be ignored 
7# The-Lewis; relationship is valid and h^/s k^.M^P.a : /•
8, The area of water surface available for heat transfer is equal to that 
available for. mass transfer and therefore a„ .== a^ .#
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It is of considerable interest to discuss further several of these, 
assumptions. Numbers 1,2,3,4 & 5 'need no further comment, except to state -
that; nothing is known about the interaction of simultaneous heat, and mass . 7 
transfer in .the film, therefore it must b© ignored. , • Z-
No#5. This assumption is generally made in Cooling Tower work, and is - 
justifiable, because the water/loss due to evaporation is approximately > Z  
1$ per 10°F cooling range. It will be noticed that in the present work the 
cooling range seldom exceeds 20°F and is very often less than 10°F. It is 
useful in this case to introduce very slight error in order to greatly 
simplify subsequent calculations. • '*> ■’ '
Nos# .6 & 7 may conveniently be considered together*
It is obvious that the humid heat of the air will change as it passes + Z Z  
through the tower, but, as the coefficients are quoted for the tower as a 
whole, a value of the humid heat must be quoted which is representative of 
all conditions in the tower* - Thus variation, is ignored and an arithmetic 
average value used for the calculations. . . '
There has been a great deal of work carried out on the relationship 
between the gas film heat and mass- transfer coefficients*. The existence of 
such a relationship was first mentioned by Grosvenof (33) in 1008 and later 
by Carrier (34) in 1918, though the first analytical study was carried out 
by Lewis (25) in'1922. He was working on the relationship between the ■/ .y 
adiabatic saturation temperature and the wet bulb temperature and discovered 
that for the air-water system the ratio ^ / y i y ?  is fortuitously equal to 
0.26, which is the value of the humid heat, <3 , at a humidity of 0*047 lb
The unchecked, but reasonable, assumption was then made that the Lewis 
relationship for the water cooling surfaces in a cooling tower is the same 
as that for a wet bulb thermometer* It will be noticed that, in the present 
work, the average humid heat of the air stream is about 0*25. Some error 
is the ref oar© introduced from this source* . •• b:Z ' ' .
Robinson (14) in 1923 mentions the ratio, but does not use it to the 
fullest advantage. He concludes, as a result of his own and Geibel1 s 
tests (35) on various cooling towers, that a value of 0*30 should be Used / 
for the ratio in tower design. , This is the result of .work on a commercial •./ 
unit where other errors may well have influenced the value^ therefore not 7'7 
too much importance should be attached to it*
; In 1924# Coffey <£ H o m e  (17) virtually check, the relation as Lewis .-v 
quoted it, but gave no details of their check except that they used the 7 ' 
TJ.S* Weather Bureau psychrometrio Tables* Iliffe, in the discussion to the ; 
Wood & Betts paper. (29) on the theoiy of natural draught/towers states that 7 
he has checked the Lewis relationship with the aid of the 1942 edition of 
"Tables of Hygrome'tric Bata for Air*■ published by the Institution of Heating' 
& Ventilating Engineers* He finds it to be substantially constant over the 
air temperature range 90 °F - 136°F and equal to about 0.96s. From this 
work, the indication seems to be that the relation will not differ greatly
for the temperature range 73 °F 100°F, which is the range used in the
.. /- 7  - 7 - . 30 ... • • 7 . ■ / 7 ; 7 • +
present work* Koch (49) , however, in 1940, came to the conclusion that a
value of 0*90s was more correct*
• • ; 2 3  -  . . z
• ' - 24 . , A;
■ *■ . A; ; . * • • ■ .• A I AA'  a.. A'AA;
London, Mason <&;Boelter (3o) show that the ratio is substantially a
correct, but they find that at their highest air rate, s was about
high. They account for this by suggesting that small droplets formed by
splash are maintained in the air stream and suffer complete vapourisation#
This.conclusion was also reached by Hiedexman et al# (37), who, however,
were working with a spray cooling tower where such a phenomenon is more , A.
■" ;• . - ■•';'A ; ■ A 'A -A/'- ' . -A ;/• ; . > ■ . A A-AY-.,,
likely to occur. On the other hand, Hensel Si Treybal (38), state that the
relationship is neither constant nor equal to the humid heat of the main
air stream, but rather it varies from 0# 23 to 0*58 depending on flow rates
and packed height# ' / - • • A- ‘ A
It can therefore be seen that there is a considerable divergency of
opinion as to the actual numerical value to be attached to the relationship* .
There is one extremely important factor which has, as yet, been
ignored# The Lewis development (25) assumes gas-film control in the
simple case of latent and sensible heat transfer from a wet-bulb surface* , A
It follov/s, therefore, that use of the Lewis relationship in the determin- AY
ation of the rate coefficients may lead to considerable error if the liquid
film resistance exists, the magnitude of the error depending on the magnit- i
ude -of the unaccounted for. resistance* . - . /
4 o
McAdams et al# (39) compare results.obtained from adiabatic humidif- 
ication runs, where the liquid film resistance to heat transfer is zero, 
to results obtained in water cooling runs# As will be stated in greater 
detail later, they find that the liquid film resistance is far from, negli­
gible. Y  This means that their, method of estimating the gas-filn resistance,
-  25
. A  . .  • - / + +
Z+ • • *M
’ + - i
based on the validity of the Lewis relationship,: ydi.lead to inaccuracy 
the exact magnitude of which cannot be assessed* It must be stated,
however, that some doubt exists as to whether the McAdams results are Z Z
' ‘ ■ ’ ' ■ /  - • • ' ■ - ' .  -  • • ■ • .. vcorrect. (40)*
; .  It is part of the purpose of the present work to estimate the / /
magnitude of this coefficient, and the validity of the relationship will 
have to be re-assessed in the light of the results obtained# Unfortunately
the method of analysis used allows no direct check on the relationship* + Z
4%. +  ■ •' ;• _■ " 7  *
+ ■/ A method is available (4pf) which modifies the enthalpies in the
- operating and saturation curves: to allowf or deviation of /the Lewis . 7 7vg|
relationship from imity. The. method is intended for systems other than
air-water, but there is no doubt that if an accurate, reliable value were
available for &/kr M+P, the method could be applied to Cooling Tower work* 7
Assuming for the time being that the relationship is very nearly ;
correct, its introduction into;the calculations involves less error than is7
at first apparent, since it. pertains only to sensible heat transfer which is.
■ ’■ ■ • #  • .'7 . y43 • v •. ' .z :-' Z  Cusually less, than 20$; of the total (4$2) * The relationship will therefore >7
. .
I 1 T V i a  mri T T ■ H iflT ’o 'P n v v a  ??
be used in the present .work, but the qualification, is made that it v/ill
not be accurate if the liquid film resistance is shown to be appreciable* ;
No*8 The majority of workers assume that the area available for heat 
transfer is equal to'that available for mass transfer* The main criterion 7/ 
for the two areas to be equal; is that the whole packing surface should be ;V;
thoroughly wetted# A great deal of work has been done on the wetting of
’ 7 7+ ' '' '7+ 7 , , 7  44 ;' • • ';7.7 . 4577.;. ;/ •>/ ; • ,/Z
grid packings# Pratt. (#3) and Williamson (44) give excellent discussions +71+
<••+” ■ ' - . .7+7+ • - + '777+. '+\':+. -7 +7 ' • " : + * '7+: - 7 ■, +++•/ 7’7;Z‘7
Aisi
o f  th e  r e s u l t s  t h a t  have b e e n  o b ta in e d  an d  g iv e  v a lu e s  o f  minimum e f f e c t i v e  t 
l i q u i d  R ate  (M vE .L .R # ) f o r  v a r io u s  ty p e s  o f  p a c k in g , in c lu d in g  a  v a lu e  " 
f o r  a  p a c k in g  v e ry  s im i l a r  t o  th a t  u se d  i n  th e  p re s e n t  work* . . : :
Norm an iM>) c o n c lu d e d  fro m  h i s  exp erim en ts  th a t  "th e  w e t te d  a r e a  o f  a  
p a c k in g  i s  d e te rm in ed  b y  th e  s p re a d in g  o f  a  f i lm  , o f  l i q u i d  a s  i t  f lo w s  
down from  one elem ent o f  th e  p a c k in g  to  th e  n ex t*  The w id th  o f/ th e  f i lm  A':: 
fo rm ed  a t  a  s in g le  p o in t  c o n ta c t  o f  a  g r i d  p a c k in g  depends on th e  r a t e  o f  
f l o w  o f  l i q u i d ,  on th e  v e l o c i t y  w ith  w h ich  i t  s t r i k e s  th e  s u r fa c e  o f  t h e -  A- 
g r i d ,  and  on th e  th ic k n e s s  o f  th e  g r i d * , The p h y s ic a l  p r o p e r t i e s  o f  th e  
l i q u i d  have l i t t l e  in f lu e n c e *-\Y.. Jn g e n e r a l ,  th e  w id th  o f  th e  f i l m  does -yAYv - • 
n o t  in c r e a s e  i n  p r o p o r t io n  t o  th e  r a t e  o f  f l o w  o f  l i q u i d ,  and  f o r  a  g iv e n  
t o t a l  l i q u i d  f l o w  r a t e  p e r  u n i t  o f  p a c k in g , th e  f r a c t i o n  o f  th e  p a c k in g  /  .. . 
w e t te d  w i l l  in c r e a s e  w it h  a  g r e a t e r  num ber o f  p o in t s  o f  c o n ta c t  be tw een  
a d ja c e n t  l a y e r s  o f  p a c k in g "*  ,/v I t  is . b l e a r ,  t h e r e f o r e , ; th a t  p r o v id e d  th e  
l i q u i d  r a t e  i s  h i g h  enough th e  tw o a r e a s  w i l l  b e  e q u a l : f o r  a  w e l l  
d e s ig n e d  p a ck in g *  Learm onth (5 4 )  in  1933? made the: f i r s t  attem pt to  A 
g e n e r a l i s e  g r i d  p a c k in g  d e s ig n  by  f i x i n g  the  d im en sion s  w ith in  c e r t a in  l im it s  
to  g iv e  maximum e f f ic ie n c y o  The tow er had to  have a t  l e a s t  70$ f r e e  sp ace , 
w ith  the p i t c h  o f  th e  s l a t s  n o t e x c e e d in g  th re e  t im es th e  dep th , o r ,  a t  .: 
m ost, 2|j- in# The d ep th  was n o t to  exceed  th re e  t im es  the p i t c h  and a  
maximum depth  o f  2 j  in  was su g g e s te d  though  dep th s  up to  7 in# w ere  fou n d  
t o  be  s a t i s f a c t o r y #  T h is  type  o f  p ack in g  can p ro v id e  a l a r g e  number o f  , 
p o in t s  o f  c o n ta c t  betw een  the  e lem en ts  and w ou ld  seem to  be q u it e  s u i t a b le  
f o r  C o o lin g  Tower work#
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B e fo r e  a  s tu d y  o f  p r e v io u s  e x p e r im e n ta l w ork  on c o o l in g  tow e rs  can  
b e  made, i t  i s  n e c e s s a ry  t o  r e f e r  b r i e f l y  t o  th e  s e c t io n  in  w h ich  theA- 
e q u a t io n s  f o r  h e a t  an d  m ass t r a n s f e r  w ere  deve lop ed * 'A'.
I t  was shown th a t  s u b s t i t u t io n  o f  th e  L ew is  r e la t io n s h ip  in t o  e q u a t io n  
(8 )  . r e s u l t e d  in  an  e q u a t io n  h a v in g  th e  f o l l o w in g  fo rm :;; ’ . I  ; A
s d t ^  s  k ^a^  MqB s  ( t ^ ~  t ^ )  dIZ — — -  ( 11)
t h i s  le a d s  t p  e q u a t io n  (*13) 0 0 ' A :-A  / A >: ‘ | A-.- '0 0 -0 ''.
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As has a l r e a d y  b e e n  s t a t e d ,  th e  m ain  d i f f i c u l t y  met w ith  in  th e  u se  o f  t h i s  
e q u a t io n  i s  t h a t  th e  v a lu e  o f  th e  en th a lp y  a t  th e  in t e r f a c e ,  i s  n o t  
known*
A A I f  th e  in d iv id u a l  r a t e  c o e f f i c i e n t s  are , no t jknown a  f u r t h e r  s im p l i f i c ­
a t i o n  w i l l  have t o  b e  made* L e t  i t  b e  assum ed th a t  th e  l i q u i d  f i lm  h ea t  
t r a n s f e r  c o e f f i c i e n t  i s  n e g l i g i b l e ,  th e n , th e  r a t i o  o f  th e  c o e f f i c i e n t s  a s  
g iv e n  b y  e q u a t io n  (1 4 ) i s  i n f i n i t e  so  th a t  t !  »  t . ,  th a t  i s ,  th e  tem p e ra tu rei‘ . . x  - • x ■ „
d rop  th ro u gh  th e  l i q u i d  ph ase  i s  n e g l i g i b l e *  I n  such  a  c a s e , a  p o in t  on th e  
o p e r a t in g  l i n e  h a s  a  c o r re s p o n d in g  p o in t  on th e  e q u i l ib r iu m  l i n e  v e r t i c a l l y  
above  i t ,  and  th e  f o l l o w in g  r a t i o  h o ld s : - .  *
tar I' fcr • ’.k i frv/r * • ’ ‘
H e re , H 1 i s  th e  e n th a lp y  o f  th e  s a t u r a t e d  a i r  a t  tem p e ra tu re  t ’ o f  th e  m ain
w a t e r  stream .. The a ssu m p tion  i s  t h a t  th e  r a t i o  on th e  l e f t  i s  c o n s ta n t ,
y  a ^  b e in g  d e f in e d  b y  th e  e q u a l i t y ,  y  a  i s  g e n e r a l ly  r e f e r r e d  t o  a s  th e
O v e r a l l  C o e f f i c i e n t  o f  M ass T r a n s f e r .
.. T hus, b y  s u b s t i t u t io n  e q u a t io n  ( 13 )  b e c o m e s :-  + *
H 2 dH «  ,  . . . . , )n V  '
rr H1 -  H G* vlu; ;
w h ich  h as  a  s im i l a r  fo rm  t o  t h e  e q u a t io n  d e v e lo p e d  b y  M e rk e l. The l e f t  
hand  s id e  o f  th e  e q u a t io n  may b e  c a lc u la t e d  a s  b e f o r e  b y  g r a p h ic a l  I n t e g r a -  
t i o n ,  S te v e n ’ s  f f ’ f a c t o r  ( i o )  o r  th e  l o g  mean m ethod, d ep en d in g  on th e ;  
a c c u ra c y  r e q u ir e d .
The above tre a tm e n t  i s  th e  one m ost commonly fo u n d  an d  m ost e x p e r i ­
m en ta l d a ta  i s  a v a i l a b l e  f o r  th e  v a r i a t i o n  o f  th e  O v e r a l l  M ass T r a n s f e r  
c o e f f i c i e n t  w ith  A i r  R a te , W a te r  R a te , P acked  H e ig h t  e t c .  T h e re  i s  how ever  
a  s m a ll q u a n t it y  o f  d a ta  a v a i l a b l e  f o r  th e  in d i v id u a l  f i lm  c o e f f i c i e n t s  
w h ich  w i l l  be  d is c u s s e d  i n  due c o u r s e .
I n  g e n e r a l ,  th e  m ost s u c c e s s fu l  e q u a t io n  c o r r e l a t i n g  th e  O v e r a l l  
c o e f f i c i e n t  i n  term s o f  th e  o p e r a t in g  v a r i a b l e s  has  th e  f o r m : -
a =5 o< G»lf /• • :
w here  oi ,  |2> & jf a r e  c o n s ta n ts  d e te rm in ed  b y  ex p e r im en t. The c o n s ta n ts  jb <& 
| a r e  the. m ost i n t e r e s t i n g  and  t h i s  d is c u s s io n  w i l l  p r im a r i ly  co n cern  them .
Sim pson & Sherwood (4 2 ) have c o l l a t e d  th e  p r i n c i p a l  d a ta  p u b l is h e d  up  
t o  th e  tim e o f  t h e i r  p a p e r ,  an d  have r e c a lc u la t e d  th e  v a r io u s  r e s u l t s  in t o  
a  c o n s is t e n t  fo rm . They, g iv e  a  v e r y  u s e fu l ,  g rap h  on w h ich  a r e  p lo t t e d  th e
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r e s u l t s  o f  f o u r  o th e r  g rou ps  o f  w orkers#  They u se  an  o v e r a l l  c o e f f i c i e n t
•. i > " Y\ . • - • r  H ■ . A' ' -. ■ ' ••■•Y A' ' , V i f  AAp , ftltq :■ v ‘ __| _ • ,» /.•
K ! a  c a lc u la t e d  from  th e  e x p r e s s i o n : -  I ~
/ ,  - , . A :■ - r  7 h i . "  . g
The grap h  i s  a s  shown i n  f i g u r e  4* The v a r io u s  r e s u l t s  may he sum m arised
as  f o l l o w s : -  'v"'' ■ " A ’ :v- /■ / *■ A * /*
. . .  40  ; ' 0
1* H u tch in son  & S p iv e y  (I f f ) u s in g  a . c r o s s  f l u e  to w e r  o f  a p p ro x im a te ly  16 f t  a
o ro s s  s e c t io n a l  a r e a  and  s l a t  packed  t o  a  h e ig h t  o f  1 1 ft  5 in s  o b ta in ed , A 
r e s u l t s  w h ich  i t  i s  n o t p o s s i b l e  t o  c o r r e la t e  b y  an  e q u a t io n  o f  th e  
above form * T h ere  i s  an  e v id e n t  i r r e g u l a r i t y  i n  th e  e f f e c t  o f  w a t e r  r a t e *  
.2*L ic h e n s t e in  (2 8 ) u s in g  a  3 6 f t  c , s . a ,  t o w e r  s l a t  p a ck ed  t o  a  h e ig h t  o f  . 7 
1 1 ft  3 in  showed th a t  K *a  i s  p r o p o r t io n a l  to  th e  0 * 4  pow er o f  th e  w a t e r  r a t e
an d  th e  0 *5  p ow er o f  th e  a i r  r a t e *  He u se s  a  l a r g e  number o f  d i f f e r e n t  AY/
• '2 2 
w a t e r  r a t e s ,  v a r y in g  from  3501 b/h r f t  t o  3000 l b / h r  f t  , b u t  o n ly  th re e  ,r .
d i f f e r e n t  a i r  r a t e s :  1680, 1220 & 644 lb / h r  f t 2*
3* London, Mason & B o e l t e r  ( f 6 )  u s e d  a  to w e r  o f  7 *6  f t 2 c * s # a *  pack ed  t o  a
h e ig h t  o f  5 f t  9i n  w it h  p a r a l l e l  " o v a t e " s l a t s *  T h ey  showed th a t  f o r  v a lu e s
> •' p • ' Y ’
o f  l i q u i d  r a t e  v a r y in g  from  729-1650 l b / h r  f t  t h e i r  r e s u l t s  f a l l  c lo s e  t o  /A  
a  common l i n e  b u t  a t  G.^ »  474 lb / h r  f t  , th e  r e s u l t s  f a l l  abou t 25J? lo w e r ,/  
i n d i c a t in g  th a t  K *a  i s  p r a c t i c a l l y  indepen den t o f  w a t e r  r a t e  p r o v id e d  th a t  / : 
th e  p a c k in g  i s  f u l l y  w e t te d , I ;  . . . . . .  -0 ;...
4 , Johnstone &  S in g h  (4 8 ) : b y  c a r r y in g  out runs a t  c o n s ta n t  w a te r  te m p e ra tu re -  
th e s e  w o rk e rs  w ere  a b le  t o  c a lc u la t e  v a lu e s  f o r  th e  gas  f i lm  m ass t r a n s f e r  A 
c o e f f i c i e n t *  Sherw ood an d  S im pson r e c a lc u la t e  one s e t  o f  t h e i r  r e s u l t s  Y;Y; 
a c c o rd in g  t o  th e  e q u a t io n  K* a  = l ^ a  P . T h is  g iv e s  ICf a  a p p ro x im a te ly
p ro p o r t io n e d  t o  th e  a i r  r a t e  t o  th e  p o w er 0 .4#  O th e r  d a ta  from  th e  same ; . 
so u rce  g iv e  s im i l a r  l i n e s ,  a p p ro x im a te ly  p a r a l l e l  t o  th e  one shown b u t  
h ig h e r .
5*: Niederm ap. e t  a l .  (§ 5 ) , w o rk in g  w it h  a  sp ra y  f i l l e d  to w e r , i n  w h ich  a  l a r g e  
q u a n t it y  o f  w a t e r  ra n  down th e  w a l l  i n  a  f i lm ,  w ere  a b l e ,  b y  u s in g  an  ;/ Z  
in g e n io u s  e x p e r im e n ta l m ethod, t o  o b t a in  th e  f o l l o w i n g  r e l a t i o n s h i p s : -  -V
K ’ a  ©£  f o r  th e  w a l l  s u r fa c e  (p u re  f i lm )
K 1 a  G~ f o r  th e  p u re  s p r a y  s u r f a c e .
They co n c lu d ed  t h a t  f o r  th e  com bined s p ra y  and f i lm  s u r f a c e : -  ■
K - a - c  { ^ 7 6 ^ . 1 7
- I n  t h i s  p a r t i c u l a r  c a se  t h e re  i s ,  o f  c o u r s e , f a r  more s p ra y  th an  th e re  i s
f i l m  s u r f a c e .  F o r  th e  r e v e r s e  c a s e , such  a s  w o u ld  b e  fo u n d  i n  a  n o m a l
f i lm  c o o l in g  to w e r  a  r e la t i o n s h ip  may b e  ro u g h ly  e s t im a te d -fro m  N ied erm an 1 s
r e s u l t s  (u s in g  Berm an’ s (3 0 ) d a ta ) h a v in g  th e  f o r m : -
K 'a  -C  G^*5 • .--V  '
7 i . e .  r o u g h ly  th e  same a s  th o se  o f  L ic h e n s te in *  •.+ . ,
. 4 7
6 . C a re y  & W ill ia m s o n  ( 46 )  have c a r r i e d  o u t . t e s t s  on an  18 in  b y  18 i n 1 to w e r  and  
on a  4  f t  b y  4 tf t  to w e r . They s t a t e  th a t  th e  r e s u l t s  o b ta in e d  , in  th e  . 
s m a l le r  to w e r  a r e  v e r y  s im i l a r  t o  th o se  o f  L ic h e n s t e in ,  b u t  t h i s  h as  n o t  
b een  checked . No com parab le  r e s u l t s  a r e  a v a i l a b l e  from  th e  4£t s q u a re  to w e r
4 A  rt p/f
7 * Norman (4 5 ) u s in g  a  6 f i n  sq u a re  to w e r  fo u n d  t h a t  G when  a  c e r t a in  <. . •• . • '• , VT VT ’ *■
amount o f  m a ld i s t r ib u t io n  o f  t h e ; l i q u i d  ph ase  was p r e s e n t ,  and  th a t  th e re  
was v e r y  s l i g h t  v a r i a t i o n  w it h  l i q u i d  r a t e  up t o  th e  M. E , L . R, When even  
l i q u i d  d i s t r i b u t i o n  was s a t i s f a c t o r i l y  o b ta in e d  he fo u n d  a  new c o r r e l a t i o n :
: > 0 * 8  '-7 ■ .• Z-' ’ . .' ; . , V y  , -■ ‘ • • > . >• Z
y  cC G^ V * w it h ,  once a g a in  s l i g h t  in c re a s e  i n  y  w ith  l i q u i d  r a t e  up . t o
th e  M .'E .L .R , a f t e r  w h ich  i t  rem ain ed  s u b s t a n t i a l ly  oon stan t* /Z .1
He s u g g e s ts  t h a t  th e  lo w  v a lu e s  o f  th e  exponent f o r  G^v o b ta in e d  b y  o th e r  -
w o rk e rs  may b e  due t o  b a d  l i q u i d  d i s t r i b u t io n  r a t h e r  th an  from  any  p a r t i c - v y
u l a r  c h a r a c t e r i s t i c  o f  th e  p a c k in g . He co n c lu d es  from  h i s  r e s u l t s  th a t  th e
e f f e c t  o f  m a ld i s t r ib u t io n  i s  more pronounced  a t  h ig h e r  a i r  r a t e s .  The /
m a ld i s t r ib u t io n  in  Norm an’ s  c a se  was a c c id e n t a l ,  M u l l in  (51 ) on th e  o th e r
hand  has c a r r i e d  out a  c o n s id e r a b le  q u a n t it y  o f  w ork  on th e  e f fe c t ,  o f  • +
c o n t r o l le d  m a ld i s t r ib u t io n  on pack ed  to w e r  perform ance#  H is  r e s u l t s  a p p e a r
t o  co n firm  Norman* s co n c lu s io n #  - ' Z
One o f  th e  m a jo r  u n c e r t a in t ie s  i n  C o o l in g  Tow er w ork  c e n t re s  a rou n d  Z ;
th e  p o s s ib le  m agn itude o f  th e  l i q u i d  f i lm  r e s is t a n c e  t o  h ea t  t r a n s fe r #
Z  , ■ ;--v. 7/, , .. . . _ ;■ ' Z 3 9  ;Z ' /• ■ Z
8# The co n stan t w a t e r  tem p e ra tu re  runs, o f  H erise l & T r e y b a l  ("38) p r o v id e  d a ta  .
f o r  th e  gas f i lm  mass and  h e a t  t r a n s f e r  c o e f f i c i e n t s  b u t  g iv e  no in d ic a t io n
a s  t o  th e  m agn itude o f  th e  l i q u i d  f i l m  h ea t t r a n s f e r  c o e f f i c i e n t  a s ,  u n d e r Z
: t h e i r  c o n d it io n s  o f  o p e r a t io n  th e re  can  be  no h e a t  t r a n s f e r  a c ro s s  th e  >. fi
l i q u i d  f i lm .
; ■ fi . . ' 40 ' 4 ' • 7' -7,
9# McAdams,.; P o h len z  & S t John  (3 9 ) have o b ta in e d  a d ia b a t ic  c o o l in g  d a ta , u s in g :
a  4 in  i . d .  colum n pack ed  w it h  1 in  c a rb o n  R a sc h ig  r in g s ,  u n d e r  c o n d it io n s  o f
co n s tan t  w a te r  tem p e ra tu re  an d  z e ro  l i q u i d  f i lm  r e s i s t a n c e .  B y  com parison  7
o f  th e  r e s u l t s  so  o b ta in e d  w ith  th o se  o b ta in e d  from  w a te r  c o o l in g  runs i n
th e  same a p p a ra tu s , i t  was fo u n d  th a t  th e  l i q u i d ,  f i lm  r e s i s t a n c e  was
a p p r e c ia b le ,  i t s  v a lu e  v a r y in g  betw een  27 & 46$ o f  th e  o v e r a l l  r e s is t a n c e *  ;
- 31 - .
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McAdams e t  a l *  co n c lu d e  t h a t : -  /. .. /s. . •
\  ( i )  ^  Y  Y  A '/  , . / V ;  . 0 0 /
: 010-< < £ * 7 i £ - 5  , ' Y  : ■ /■/'
■*•■ V  . • A •: ; A A’ / •/• . -A../ ■ 4f A; ■ ' ' A- '  . •;' ' ' A;-/
10* T hese  r e s u l t s  have b e e n  c o n te s te d  b y  Surosiky and  Dodge (4 0 ) who c r i t i c i s e  ,
th e  v a lu e s  q u o ted  f o r  th e  l i q u i d  f i lm  h ea t t r a n s f e r  c o e f f i c i e n t  on the
grounds , th a t  th e y  w ere  o b ta in e d  b y  assum ing th e  L e m s  r e la t io n s h ip  t o  h o ld
f o r  th e  c a se  w here t h i s  r e s i s t a n c e  i s  n o t  z e ro *  ’ , , / ; , ;v
They, th e m se lv e s , assume t h i s  r e s is t a n c e  t o  b e  n e g l i g i b l e  in. t h e i r
w o rk  on an  8 in  d i a .  colum n p ack ed  w ith  1 in * r in g s , :  an d  f i n d  t h a t :
•••-■ • ' Y ; ( - 0  72 A "  ’ 'A; ’ ' . A'  ' A., • ' . .’OVY
Gr& * and  in d ep en d en t o f  l i q u o r  r a t e  above 1000 l b / h r  f t  ^  .
They a l s o  f i n d  t h a t  k^a i s  p r o p o r t io n a l  to  th e  0 *15  pow er o f  th e  d i f f u s -  •
i v i t y  -  w h ich , th e y  s t a t e ,  in d ic a t e s  th a t  th e  m ain  r e s i s t a n c e  i n  p ack ed  .
to w e rs  i s  due t o  eddy  d i f f u s i o n  i n  th e  tu rb u le n t  c o re  o f  th e  ph ase* A,
11* I n  1951, Y o sh id a  and  Tanaka (50 ) u n d e rto o k  % s tu d y  s im i l a r  t o  th a t  o f  '
McAdams e t  a l . ,  an d  showed t h a t ,  w h i le  n o t a g r e e in g  a l t o g e t h e r  w ith  th e  .
l a t t e r 1/  r e s u l t s , -  th e  l i q u i d  f i l m  r e s i s t a n c e  i s  n o t  n e g l i g i b l e  com pared
... w ith  th e  gas  f i l m  r e s is t a n c e #  They fo u n d  th e  f o l l o w in g  r e la t io n s h ip  to
A . ( i )  hg aj j  k^SM A^a. ^ * -  %  -A • V :.vA
. ( i i )  h#  ^ • ;A . ;  'v ;  • .Ay . •' Av../ •
The m ethod o f  a n a ly s i s  o f  th e se  two g rou ps  o f  w o rk e rs  i s  v e ry  s im i l a r  and  i t  
i s  s u r p r i s in g  th a t  th e y  d id  n o t n o t ic e  th e  e x is t e n c e  o f  th e  r e la t io n s h ip  
w h ich  i s  th e  . key  to  th e  m ethod o f  a n a ly s i s  u se d  i n  th e  p re s e n t  work*
12. P r a t t  (4 § ) c o n c lu d e s  from  a  v e r y  com plete  su rv e y  o f  d a ta  a v a i l a b l e  from
many so u rce s  on w a t e r  v a p o u r i s a t io n ,  d i s t i l l a t i o n  an d  a b s o rp t io n , t h a t  th e  /:
mass t r a n s f e r  c o e f f i c i e n t  in c r e a s e s  r a p id ly  w ith  l i q u i d  r a t e  up t o . a
" f * . Z ’u  ; -V;
c r i t i c a l  v a lu e  o f  th e  l a t t e r ,  above w h ich  th e  in c r e a s e  i s  v e r y  s lo w . I t
i s  assum ed th a t  a t  . t h i s  c r i t i c a l  l i q u i d  r a t e ,  r e f e r r e d  t o  b y  him  a s  th e  Z
Minimum E f f e c t i v e  L iq u id  R a te , th e  w e t t in g  o f  th e  p a c k in g  re a c h e s  a  maximum,
He a l s o  s t a t e s  t h a t  th e  exponen t on th e  gas  r a t e  sh o u ld  b e  abou t 0 .8  f o r  . y
w e t te d  w a l l  co lum ns, a p p a r e n t ly  f a l l i n g  as  th e  d e g re e  o f  tu rb u le n c e  in d u ced
b y  th e  p a c k in g  i s  in c re a s e d ,  th e  lo w e r  l i m i t  b e in g  i n  th e  r e g io n  o f  0 .6
w h ich  i s  th e  v a lu e  fo u n d  t o  a p p ly  i n  th e  case, o f  h e a t  and mass t r a n s f e r  from
p o ro u s  s o l i d s ,  r i n g s  and  s a d d le s *  y  ;
The f o l l o w in g  c o n c lu s io n s  can  b e  d r a  wn from  t h i s  s u r v e y : -
( i )  The gas  f i lm  mass t r a n s f e r / c o e f f i c i e n t  s h o u ld  v a r y  w i t h : -  . • ,y  y :
( a )  th e  gas  r a t e  t o  th e  pow er 0 *6  -  0 .8  d ep en d in g  on th e  d e g re e  o f  
* tu rb u le n c e  in d u c ed  b y  th e  p a c k in g . / V y
(b )  th e  l i q u i d  f a t e  t o  a  f a i r l y  h ig h  pow er up to  th e  M .E .L .R . ,  a f t e r  
w h ich  i t  w i l l  in c r e a s e  o n ly  v e r y  s lo w ly  i f  a t  a l l .  . ' f /'
( i i )  The g a s  ** f i lm  h e a t  t r a n s f e r  c o e f f i c i e n t  w i l l  b e  u n r e l i a b l e  i f  i t  i s  
c a lc u la t e d  on th e  assum p tion  th a t  th e  L e w is  r e la t io n s h ip  h o ld s ,  and  th e  . / 
l a r g e r  th e  e f f e c t  fo u n d  t o  b e  a t t r i b u t a b le  t o  th e  l i q u i d  f i lm ,  th e  more 
u n r e l i a b l e  w i l l  b e  th e  r e s u l t #  B ro a d ly  s p e a k in g , how ever, th e  g e n e r a l  t re n d s  
w i l l  b e  th e  same a s  f o r  th e  g a s  f i l m  mass t r a n s f e r  c o e f f i c i e n t #
( i i i )  There i s  i n s u f f i c i e n t  in fo rm a t io n  t o  e n a b le  any  f i r m  c o n c lu s io n s  t o  b e  
drawn abo u t th e  l i q u i d  f i l m  h ea t  t r a n s f e r  c o e f f i c i e n t #
in d iv id u a ] f i lm  r a t e  c o e f f i c i e n t s  o f  h ea t and mass t r a n s f e r *  W hereas a l l  
p re v io u s  w o rk  on th e se  q u a n t i t ie s  has b een  c a r r i e d  ou t u nder s o r c a l l e d  
a d ia b a t ic  c o n d it io n s ,  th e  M ic k le y  method ap p ea rs  t o  p r o v id e  a  most - • / fZ
s a t i s f a c t o r y  means o f  e s t im a t in g  a l l  th re e  c o e f f i c i e n t s  from  a  s in g le  
w a t e r  c o o l in g  run* I t  7 i s  th e  p u rp o se  o f  th e  p r e s e n t  w ork  t o  exam ine th e  
method o r i t i c a l l y  w ith  a  v ie w  to  i t s  s u i t a b i l i t y  f o r  u se  f o r  d e s ig n  p u rp o se s ,  
and t o  determ in o  th o  v a r i a t i o n  o f  th e  th re e  f i lm  c o e f f i c i e n t s  w it h  change  
in  m agnitude o f  th e  th r e e  m a jo r  o p e r a t in g  v a r i a b l e s ,  W ate r R a te , A i r  Rate  
and Packed/H eigh t* S in ce  th e  l i q u i d  f i lm  h ea t  t e u a f e r  c o e f f i c i e n t  i s  7 y w / (V
in c lu d e d  in  th e  a n a ly s i s  some m easure o f  th e  im portance  o f ,  t h i s  f i lm  
r e s i s t a n c e  t o  h ea t  t r a n s f e r  7"w i l l -  shown q u a l i t a t i v e l y  b y  th e  d e v ia t io n
o f  th e  t i e - l i n e  from  th e  v e r t i c a l *  I t  i s  hoped t h a t  some in d ic a t io n  w i l l  
b e  o b ta in e d  d u r in g  th e  co u rse  o f  th e  e x p e r im en ta l w ork  o f  th e  r a t e  a t  . 
w hich  th e  a i r  becom es h u m id if ie d  d u r in g , i t s  p a s s a g e  th ro u gh  the  packed  
s e c t io n *
Scope of the present work.
It is clear, that there is a serious deficiency of fundamental data 011+the .
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The ap p a ra tu s  i s  show n. i n  d iagram m atic  fo rm  i n  f i g u r e  & and  i n  p la t e s  
I ,  I I  & I I I .
The to w e r  ( a )  c o n s is t e d  o f  a  6 f t  h ig h  squ a re  b o x , th re e  s id e s  o f  w h ich
w ere  made o f  wood, The Box was c lo s e d  a t  th e  f r o n t  b y  a  P e rsp e x  p a n e l ,
w h ich  was made rem ovab le  t o  f a c i l i t a t e  ad ju stm en t an d  rep lacem en t o f  th e
p a c k in g  g r id .  The i n t e r n a l  c r o s a .s e c t io n  o f  th e  to w e r  was 1 2 in . sq u a re *
The to w e r  was f i x e d  b y  1 J in  x  1 J in  s t e e l  a n g le  t o  th e  to p  o f  an  80 g a l l o n
g a lv a n is e d  i r o n  ta n k  (a p p ro x . 3 f t  lo n g  x  2 f t  w id e  x  2 f t  h ig h ) w h ich  was ; ''.''
r a i s e d  s l i g h t l y  above  f l o o r  l e v e l  b y  two. wooden s l a t s *  T h is  ta n k  p r o v id e d
a  h ig h  c a p a c ity  sump f o r  th e  system * The to w e r  w as a r ra n g e d  on th e  ta n k
in  such  a  way th a t  th e re  was space  im m ed ia te ly  i n  f r o n t  o f  i t  f o r  a  10 i n  x
17 i n  rem ovab le  P e r s p e x  w indow  t o  a l lo w  a c c e ss  in t o  th e  sump. The rem a in in g
f r e e  to p  s u r fa c e  o f  th e  sump tan k  w as s e a le d  w ith  more P e rsp e x  s h e e t .
The sump ta n k  was p r o v id e d  w ith  a  3 in  x  14 i n  r e c t a n g u la r  a i r  i n l e t  a t
th e  f r o n t ,  th r e e  J in  p ip e s  t o  t r a n s f e r  w a t e r  from  v a r io u s  p a r t s  o f  th e  sump.
in t o  th e  h e a t e r  tan k  C , an d  a  f i n  d r a in  p ip e  th ro u g h  w h ich  a  c o n t r o l le d  •
q u a n t it y  o f  w a t e r  was c o n t in u o u s ly  w ith d raw n  t o  red u ce  th e  p o s s i b i l i t y  o f
an  ac cu m u la tio n  o f  d i s s o lv e d  s a l t s  i n  th e  system . . : + +
I t  i s  co n v e n ie n t  t o  d iv id e  the. d e s c r ip t io n  o f  t h e  r e s t  o f  th e  ap p a ra tu s
in t o  th r e e  s e c t i o n s : -  ■. "*
1 • The w a te r  c i r c u i t
2 . The a i r  c i r c u i t
Description of Tower and Wooden  Grid Packing
• 3* The grid packing.
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The W a te r  Ci r c u i t . / y . \ , ' ' - " //■
The w a te r  c i r c u i t  was e s s e n t i a l l y  a  c lo s e d  system . S t a r t in g  from  th e  .
' - sump, the  w a te r  p a s s e d  th ro u g h  th e  th re e  f i n  d ia .  p ip e s  from  d i f f e r e n t  v. 
p a r t s  o f  th e  sump in t o  th e  h e a t e r  ta n k  C , T h is  t r a n s f e r  was e f f e c t e d  b y  
s im p le  d isp la c e m e n t , .L iv e  steam  a t  abou t 20 p , s , i . g ,  w as in t ro d u c e d  in to  
th e  w a t e r  i n  t h i s  ta n k  th ro u gh  a  p e r f o r a t e d  U -sh a p e d  -gin  p ip e  c lo s e d  a t  
b o th  ends and  s u p p l ie d  a t  th e  m id d le  o f  the  U . The steam  condensed , thus  
w a rn in g  th e  w a te r  fro m  th e  sump, tem p era tu re  b a c k  t o  th e  tem p era tu re  r e q u ir e d  7 
a t  th e  top  o f  th e  p a c k in g . The f l o w  o f  steam  was c o n t r o l le d ,  b y  a  ren ew ab le  
s e a t  v a lv e .  Steam was o b ta in e d  from  a  s m a ll,  B roc lthouse, gas; f i r e d , b o i l e r ,  ;.7-: 
w h ich  p ro v id e d  a  good  so u rce  o f  v e r y  c le a n  steam .
M ains w a t e r  was in t ro d u c e d  in t o  tan k  0 th ro u gh  a  -g in  d ia .  h ig h  p r e s s u r e  •/
b a l l - v & l v e .  T h is  w a te r ,  t o g e t h e r  w ith  th e  condensed  steam , p ro v id e d  "make­
u p "  f o r  lo s s e s  c a u se d  b y  e v a p o ra t io n  an d  d ra in a g e . The d r a in  cock  on tan k  
-7 B w a s ,a lw q y s  a d ju s t e d  su ch  th a t  th e  b a l l  v a lv e  was . s l i g h t l y  open th ro u gh o u t /
th e  -p e rio d  o f  o p e r a t io n  o f  th e  to w e r . U n der th e se  c o n d it io n s ,  th e  l e v e l  o f
w a t e r  i n  th e  tan k s  B & C was m a in ta in e d  co n s ta n t , Tank 0 was a l s o  p ro v id e d  
w it h  a  d r a in  cock . On some o c c a s i o n s ,  p a r t i c u l a r l y  when o p e r a t i n g  a t  l o w  
w a t e r  r a t e s  an d /o r a  sm a ll c o o l in g  ra n g e , i t  became v e r y  d i f f i c u l t  t o  c o n t r o l  
a c c u r a t e ly  th e  sm a ll f l o w  o f  i n l e t  steam  r e q u ir e d ,  V I n  t h i s  c a s e ,  t h i s  d ra in ; ;/ 
cock  was u se d  a s  a  f i n e  c o n t r o l  i n  c o n ju n c t io n  w it h  th e  b a l l  v a lv e ,  th e  
l a t t e r  p e rm it t in g  th e  in f lo w  o f  c o ld  m ains w a te r  t o  re p la c e , th e  w arn  .w a te r  
d ra in e d  away. A  b a la n c e  was s t ru c k  b y  t r i a l  and e r r o r  betw een  th e  th re e  
v a r i a b l e  c o n t r o ls  t o  o b t a in  th e  r e q u ir e d  hot w a te r  tem p e ra tu re . I t  was
fo u n d  th a t  th e  d e g re e  o f  m ix in g  o b ta in e d  b y  in t r o d u c in g  steam  u n d e r  p r e s s u re  
was s u f f i c i e n t l y  good  u n d e r  a l l  c o n d it io n s  o f  o p e r a t io n  to  r e s u l t  i n  a  
c o n s ta n t  i n l e t  h o t w a te r  tem p e ra tu re *  V /  • ..A./... ,
W a te r  from  ta n k  C was th e n  pumped b y  a  sm a ll S tu a r t  T u rn e r  c e n t r i f u g a l  
pump th ro u gh  a  R o tam ete r (N o* 49J580/Q, c a l i b r a t e d  in  ft^ / m in  o f  w a t e r  a t  
20°G (6 8 °F ) )  t o  th e  w a t e r  d i s t r i b u t i o n  system  p la c e d  on to p  o f  th e  p a c k in g  
i n  th e  to w e r , from  whence i t  f e l l ,  a c r o s s  th e  p a c k in g , b ao k  in t o  th e  sump* 
if*2  ' ? A The A i r  C i r c u i t  ! A /Af/ A . ' ' f ir-  V “ ‘''"A/8'-.
F o rc e d  d rau gh t a i r  f l o w  was p ro v id e d  f o r  th e  system  b y  a  S tu r te v a n t  
N o *2  mono f a n  ( d i r e c t l y  d r iv e n  b y  a  t  h *p « s in g L e  p h ase  230v# AC e l e c t r i c  ■ 
m otor) and  p a s s e d  th ro u g h  a  le n g t h  o f  6 in  i . d ,  c i r c u l a r  g a lv a n is e d  i r o n  
d u c t in g  t o  th e  t o t a l l y  .e n c lo se d  c a lm in g  . t a n k  D* A i r  f l o w  was r e g u la t e d  b y  
a  b u t t e r f l y  v a lv e  s i t u a t e d  i n  a  T - ju n c t io n  c lo s e  t o  th e  fa n  o u t le t .  The 
T -p ie c e  was p la c e d  im m ed ia te ly  abo ve  th e  f a n  o u t l e t ,  w ith  th e  b ra n c h  p ip e  
l e a d in g  o f f  t o  th e  t o w e r , an d  th e  v a lv e  i n  th e  v e r t i c a l  e x te n s io n  o f  th e  
m ain  duct* W ith  th e  b u t t e r f l y  v a lv e  c o m p le te ly  sh u t , a l l  th e  a i r  p a s s e d  
i n t o  th e  tow er* A s  i t  w a s  p r o g r e s s i v e ly  opened, l e s s  an d  l e s s  a i r  was  
d iv e r t e d  in to  th e  to w e r  u n t i l ,  v/hen f u l l y  opened, o n ly  a  sm a ll q u a n t i t y  
p a s s e d  th ro u gh  th e  system , th e  rem a in d e r  b e in g  d is c h a r g e d  t o  atm osphere*
A  c ru c ifo rm  sh a p e d  f l o w  s t r a ig h t e n e r ,  abou t 1 2 in  lo n g ,  was p la c e d  i n  
th e  d u ct a t  th e  i n l e t  t o  the . to w e r  system , and  s e r v e d  t o  red u ce  g r e a t l y  
th e  tu rb u le n c e  in d u c e d  i n  th e  a i f  s tre am  b y  th e  s h a rp , i r r e g u l a r ,  change i n  
d i r e c t i o n  o f  th e  f lo w *  A.
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f l o w  was m easu red  b y  u se  o f  an  o r i f i c e  p l a t e  E s i t u a t e d  i n  th e  ’ 7. 
duct as - .shown, The p la t e  was d e s ig n e d  a c c o rd in g  t o  th e  s ta n d a rd s  l a i d  
down dn BS 1042 (1943 ) an d  i n s t a l l e d  w ith  D , /2  p r e s s u r e  t a p p in g s  (see"  
A p p e n d ix  l )  • U n fo r t u n a t e ly ,  due t o  l im i t a t io n s  in  a v a i l a b l e  sp a c e , i t  w a s Z ';  
not p o s s i b le  t o ,p r o v id e  th e  n e c e s s a ry  s t r a ig h t  le n g t h  o f  duct u p -s t re a m  o f  
th e  o r i f i c e  p la t e  t h a t  i s  r e q u ir e d  b y  B .S . 1 0 4 2 .(1 9 4 3 )/  th u s  i t  was n o t > Z  
p o s s i b le  t o  assume th a t  th e  a i r  f l o w  a s  m easured  b y  th e  o r i f i c e  p l a t e  w o u ld  
b e  even  a p p ro x im a te ly  e q u a l t o  th e  t h e o r e t i c a l  a i r ,  f l o w  f o r  th e  same p r e s s u r e  
d ro p . The o r i f i c e - p l a t e ,  w as , a c c o r d in g ly ,  c a l i b r a t e ^ *  (s e e  A p p en d ix  1) .  •;. 
The p r e s s u r e  d rop  a c ro s s , th e  p l a t e  was m easured  w it h  a  m icro -m anom eter  
, c a p a b le  o f  r e a d in g  a c c u r a t e ly  t o  0.0001 in  w a te r  ( s e e  p la t e  No, I i ) ,
The ca lm in g  ta n k  D c o n ta in e d  s e v e r a l  sh e e ts  o f  c o n c e r t in a 1 d , p e r f o r ­
a t e d  t h in  z in c  sh ee t  a r ra n g e d  so  a s  t o  c o v e r  th e  c r o s s  s e o t io n  c o m p le te ly / : ' 
These sh ee ts  s e r v e d  b o th  t o  ca lm  th e  a i r  b e fo r e  i n l e t  t o  the. to w e r  and  a s  a .  
c o a r s e  f i l t e r .  The a i r  p a s s e d  fro m  t h i s  tan k  in t o  th e  sump ta n k  th ro u g h  a  : 
r e c t a n g u la r  o r i f i c e  s i t u a t e d  some 3 in  above w a te r  l e v e l .  I n  o rd e r , t h a t  th e  
. a i r  sh o u ld  un dergo  a  minimum o f  p r e -h u m id i f ic a t io n  b e fo r e  a c t u a l l y  e n t e r in g  
th e  to w e r , g a lv a n is e d  i r o n  sh ee t  was p la c e d  i n  th e  ta n k , a p p ro x im a te ly  1 J in  
above  w a te r  l e v e l ,  t o  c o v e r  th e  w ho le w a te r  s u r fa c e  excep t t h a t  im m ed ia te ly  . 
b e lo w  th e  g r i d  p a c k in g . I n  t h i s  m y  th e  bottom  e n d -e f f e c t s  w ere  red u ced  5 
, t o  th o se  a s s o c ia t e d  w ith  th e  s p ra y  f a l l i n g  from  th e  p a c k in g  a lo n e ,  y/ : . •
On en tx y  in t o  th e  sump tan k , th e  a i r  stream  m s  d iv id e d  ro u g h ly  in t o  
two h a lv e s?  each  h a l f  b e in g  d iv e r t e d  round  t o  one s id e  o f  th e  to w e r . T h is  7 
had  th e  e f f e c t  o f  p a s s in g  th e  a i r  in t o  th e  to w e r  i n  more o r  l e s s  e q u a l p ro ­
p o r t io n s  from  o p p o s it e  s id e s  and  gave a  much more even  a i r  d i s t r i b u t i o n  o v e r

th e  c r o s s  s e c t io n  o f  th e  to w e r  th an  w ou ld  have b e e n  th e  case  had  th e  a i r  
stream  n o t  b een  d iv id e d .  In  th e  f i r s t  p a r t  o f  th e  e x p e r im e n ta l w ork  i t  \vas 
fo u n d  t o  b e  ad van tageou s  t o  p la c e  cu rv ed  f lo w  d e f l e c t o r s  u n d e rn ea th  th e  
to w e r  t o  h e lp  t u rn  th e  a i r  stream  v e r t i c a l l y  upw ards w ith  consequent red u c ­
t i o n  i n  tu rb u le n c e .  H ow ever, w a te r  from  th e  p a c k in g  f e l l  d i r e c t l y  down 
on t o  them, c o v e r in g  them w i t h  a  f i lm  o f  w a te r  w h ich  u n d o u b ted ly  r e s u lt e d , ,  
i n  some p r e h u m id if ic a t io n  o f  th e  i n l e t 7a i r .  I t  was fo u n d  th a t  th e y  d id  not  
m ark ed ly  im prove a ,ir . d i s t r i b u t i o n  i n  th e  second  c a se  a n d .th e y  w ere  t h e r e fo r e  
o m itted , ; v:- - : ./_ •
A f t e r  l e a v in g  th e  p a c k in g , th e  a i r -  p a s s e d  upw ards , th ro u gh  a  s p la s h  
e l im in a t io n  system  and  th en ce  th ro u gh  a  chim ney and  duct t o  th e  atm osphere . 
The G r id  P a c k in g , ( P l a t e  V )
The p a c k in g  was a  wooden s l a t : p a c k in g , made up from  in d iv id u a l  e lem en ts  
s ta c k e d  in s id e  th e  to w e r , each  elem ent b e in g  p la c e d  a t  r i g h t  a n g le s  t o  th e  
a d ja c e n t  ones t o  • g iv e  th e  " c r o s s - f l u e ” e f f e c t . /  Each  elem ent w as made up o f  
e le v e n  p ie c e s  o f  p la n e d  w ooden l a t h  11 | i n  x  1-| in  x  l / 6 i n  d r i l l e d ,  an d  
th re a d e d  onto tw o -g in  b r a s s  r o d s . The la t h s  w e re / se p a ra te d  b y  a c c u r a t e ly  
cu t g la s s  tu be  s p a c e r s  t o  g iv e  a  p i t c h  o f  1 i n .  The ends o f  th e  ro d s  w ere  
th re a d e d  so th a t  th e  components o f  th e  element c o u ld  b e  clam ped r i g i d l y /  
t o g e t h e r  by { s m a ll n u t s .  A l l  th e  e lem en ts w ere.m ade i d e n t i c a l  so  t h a t ,  -when 
s ta c k e d , th e  s l a t s  i n  each  secon d  elem ent v ^ re  i n  p e rfe .p t  v e r t i c a l  a l i g n ­
ment so th a t  d ro p s  f a l l i n g  from  th e  bo ttom  edge o f  one elem ent s t r u c k  th e  
to p  edge o f  th e  n e x t  s im i l a r  elem ent b e lo w  i t .  ‘ y  • ■ ’ ' ///■’
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The p a d d in g  was su p p o rte d  a t  th e  "bottom on two J in  b r a s s  r o d s ,  
p a r t i a l l y  co v e re d  w ith  ru b b e r  tu b e  and p a sse d  th ro u g h  th e  s id e  w a l l s  o f  
th e  to w e r  9 iu  from  th e  bottom * These rod s  w ere p o s i t io n e d  t o  p a s s  betw een  
a d ja c e n t  s l a t s  o f  th e  bottom  e lem en t, th e  p a c k in g  th u s  b e in g  su p p o rte d  a t  
f o u r  p o in t s  o f  c o n ta c t  b e tw een  g la s s  sp ac e rs  and  r u b b e r  c o v e re d  b r a s s  rod . 
The bottom  elem ent was v e r y  c a r e f u l l y  l e v e l l e d  u s in g  sm a ll p a p e r  in s e r t s  
u n d e r  the  ru b b e r  t u b in g  a t  th e  p o in t s  o f  co n tac t  i f  n e c e ssa ry *  S u c c e s s iv e  
e lem en ts  w ere th e n  added  a t  r i g h t  a n g le s  t o  one a n o th e r , each  one b e in g  
c a r e f u l l y  l e v e l l e d ,  u n t i l  th e  to p  elem ent was added . ■ • . , •
The . w a te r  d i s t r i b u t i o n  system  (P l a t e  IV ) was a t t a c h e d  t o  th e  to p  
elem ent , and  c o n s is t e d  b a s i c a l l y  o f  f o u r  t ro u g h s , one p r im a ry  and th re e  
seco n d a ry . W a te r  e n t e r e d  th e  p r im a ry  t ro u g h  (3 in  x  3 i n  x  11 Jan ) down a  1 in  
p ip e  t o  w h ich  was a t t a c h e d  a  1 in  T -p ie c e ,  m o d if ie d  b y  h a v in g  a  J in  h o le  
d r i l l e d  in  each  s id e  a t  th e  ju n c t io n  o f  th e  T* Y/ater was d i r e c t e d  tow a rd s  
th e  e x t r e m it ie s  o f  th e  t r o u g h  and a l s o  f lo w e d  out o f/ th e  two s id e  h o le s .
The t ro u g h s  .were a l l  made o f  P e rs p e x  sh ee t*  , The p r im a ry  t ro u g h  h ad  th re e  
c a r e f u l l y  sp aced  and  d im en sioned  r e c t a n g u la r  n o tch es  cu t i n  c o r re sp o n d in g  
p la c e s  on each  s id e#  W a te r  f lo w e d  from  t h e s e , n o tch es  in t o  th re e  seco n d a ry  
t ro u g h s  (e a c h  l i n  x  1 in  x  11 Jdri)>, These t ro u g h s  h ad  e le v e n  s m a ll r e c t ­
a n g u la r  n o tch es  cu t i n  each  s id e ,  a l l  o f  w h ich  l e d  w a t e r  d i r e c t l y  down on  
t o  th e  to p  edge o f  a  p a c k in g  s l a t .  The w a te r  was th u s  s p l i t  up in t o  66 
s e p a ra te  s tream s. I t  was most e s s e n t i a l  th a t  th e  d i s t r i b u t i o n  t ro u g h s  
w ere a b s o lu t e ly  l e v e l  an d  g r e a t  c a re  was tak en  to  see  th a t  t h i s  was s o .
Frequent, checks w ere  made, d u r in g  o p e r a t io n s ,  t o  en su re  th a t  th e  s w e l l in g  
o f  the. .p a ck in g  d id  n o t .d i s t u r b  th e  system * W here t h i s  was fo u n d  t o  o ccu r  
s m a ll i n s e r t s  w ere  p la c e d  u n d e r  th e  s l a t s  o f  th e  to p  elem ent t o  c o r r e c t  
th e  a lign m en t o f  th e  d i s t  r i b u t  io n  system . I t  was fo u n d / th a t , p r o v id e d  / 
th e  p a c k in g  was th o ro u g h ly  soak ed  in  warm w a te r  and  then  l e v e l l e d  b e fo r e  
an  e x p e r im e n ta l ru n , ad ju stm en t was r a r e l y  n e c e s s a ry  d u r in g  o p e ra t io n *  ; ,
A  very  s a t i s f a c t o r y  m ethod o f  i n v e s t i g a t in g  th e  g e n e ra l a lig n m e n t o f  
th e  p a c k in g  was t o  p a s s  w a te r  o v e r  th e  p a c k in g  a t  a  f i x e d  r a t e  and  c o l l e c t  
i t  a g a in  from  d i f f e r e n t  s e c t io n s  u n d ern eath  th e  p a c k in g , A  sq u a re  t i n  
( 6 i n x 6 i n )  was h e ld  u n d e r  th e  p a c k in g  t o  occupy  a  q u a r t e r  o f  th e  a v a i l a b l e
c ro s s  s e c t io n a l  a r e a ,  and th e  q u a n t it y  o f  w a t e r  c o l l e c t e d  o v e r  a  c e r t a in  / ’
t im e  compared, w ith  th e  v a lu e s  o b ta in e d  from  th e  o th e r  th re e  p o s i t i o n s .  I t  .
was fo u n d  th a t  a  c o n s id e r a b le  q u a n t it y  o f  w a t e r  f lo w e d  down th e  w a l l s  o f  th e
to w e r  ( c ,  15$) .and was n o t c o l l e c t e d .  By and l a r g e ,  how ever, th e  d i s t r i b ­
u t io n  was fo u n d  t o  b e  f a i r l y  eyen , a lth o u g h  i t  was n o t ic e d  th a t  one s e c t io n  
a p p e a re d  to  b e  g e t t in g  s l i g h t l y  more w a te r  th a n  th e  o th e rs *  T h is  was fo u n d  
w  b e  due to  one o f  th e  n o tch es  i n  th e  p r im ary  t ro u g h  b e in g  v e r y  s l ig h t ly / / . ; ' 
o v e r s i z e .  The e r r o r  was n o t c o n s id e re d  t o  b e  v e r y  la rged  (a b o u t  3 $  a t  th e  
h ig h e s t  w ate r, r a t e ,  2000 l b / h r  f t  d e c r e a s in g  a s  th e  w a te r  r a t e  d e c re a se d )/ "  
and  no attem pt was made t o  a l t e r  th e  system .
P a c k i n g  C h a r a c t e r i s t i c s :
S u r fa c e  o f  p a c k in g  =  20 ,67  f t ~ / f t ^
A s  - w i l l  b e  s e e n  f r o m  l a t e r  s e c t i o n s ,  tw o  s e t s  o f  e x p e r i m e n t a l  d a t a  . ' /
' w e r e  r e c o r d e d ;  v T h e  - o n l y  c h a n g e s  m ade i n  t h e ,  a p p a r a t u s  b e t w e e n  t h e  t w o  / ; / / / • •  
s e t s  w e r e  t o  d o  w i t h  t h e  m e t h o d s  o f  t a k i n g  t h e  v a r i o u s  d i r  a n d  w a t e r  
, t e m p e r a t u r e s  a n d . m e t h o d  o f  a l t e r i n g  t h e  p a c k e d ,  h e i g h t  ‘f o r ,  t h e  d i f f e r e n t  y /v  .'- 
r u n s .  *y  • ■ '. -
M ethods u se d  f o r  v a r i a t i o n  o f . m c k e d  h e ig h t s  - 
B e fo r e  p a s s in g  t o  th e  m ethods u se d  f o r  m ea su r in g  a i r  an d  w a te r  
tem p e ra tu re s  i t  i s  n e c e s s a ry  to  m e n t io n -b r i e f ly  th e  ways i n  w h ich  th e  / ./ :// ' 
p ack ed  h e ig h t  was a l t e r e d  f o r  th e  two s e t s  o f  e x p e r im en ts . , F o r  re a so n s  ; '
w h ich  m i l  be  e x p la in e d  i n  a  l a t e r  s e c t io n  th e  two s e t s  w ere c a r r i e d  out *./. . 
o y e r  d i f f e r e n t r a n g e s  o f  p a ck ed  h e igh o . The f i r s t  s e t  was c a r r i e d  out / 
u s in g  p ack ed  h e ig h t s  o f  l\£t 6 in s ,  2 f t  3 in ,  1 f t  1-|in an d  6 f i n  and  th e  second  
s e t  u s in g  pack ed  h e ig h t s  o f  1 ft * f t ^ in ,  i d ^ in ,  6 f i n ,  3 § in  and  1^-in ( c o r r e s - ’ ri 
p o n d in g  to  12, 9 , 6 , 3 and  1 s l a t s  r e s p e c t iv e ly )  #
I n  t h e  f i r s t  s e t  o f  e x p e r i m e n t s  t h e  p a c k e d  h e i g h t  w a s  c h a n g e d  b y  ’ . by • 
r e m o v in g  t h e  r e q u i r e d  n u m b e r  o f  e le m e n t s  a n d  r a i s i n g  t h e  p a c k i n g  ’s u p p o r t s .  
T h e  c h a n g e  w a s  m ad e i n  t h i s  w a y  i n  o r d e r  t o  k e e p  t h e  w a t e r  d i s t r i b u t i o n  ' "«• • 
s y s t e m  i n  t h e  sam e p o s i t i o n  r e g a r d l e s s  o f  t h e  p a c k e d  h e i g h t # .  I n  o r d e r  t h a t  
; t h e  s p r a y  f a l l i n g  f r o m  .t h e  b o t t o m  o f  t h e  p a c k i n g  s h o u l d  n o t  c r e a t e  a n  / • / / /  }'■ 
e x c e s s i v e  b o t t o m - e n d  e f f e c t ,  tw o  l e v e l s  o f  v e e - s h a p e d  t r o u g h s  w e r e  a r r a n g e d  
a b o u t  9 i n  b e l o w  t h e  p a c k i n g  t o , / c a t c h  a l l  t h e  w a t e r  a n d  l e a d  i t  t o  t h e  m i l '  .-; 
w i t h o u t  g r e a t l y  i m p e d i n g  t h e  a i r  f lo w *  /  T h i s  w o r k e d  v e x y  e f f e c t i v e l y ,  b u t  
t h e r e  w a s  s t i l l  a  J - a r g e ,  s u r f a c e  o f  w a t e r  p r e s e n t e d  t o  t h e  a i r  s t r p a m ,  y- /  . /  
r u n n i n g  dow n t h e - . w a l l s -  o f  t h e  t o w e r .  T h i s  w a s  u n d e s i r a b l e ,  t h e  e n d  e f f e c t - 
i n t r o d u c e d  b e i n g  g r e a t e r  t h e , s h o r t e r  t h e / p a c k e d * h e i g h t  u s e d .  ' -
F o r  th e  second  s e t  o f  e x p e rim en ts , th e  above m ethod was m o d if ie d  
c o n s id e ra b ly *  F o r  t h i s  e a s e , th e  p ack ed  h e ig h t  was changed  b y  rem oving  
. e lem en ts from  th e  p ack ed  s e c t io n  and lo w e r in g  th e  w a t e r  d i s t r ib u t io n 's y s t e m *  
I n  t h i s  way the  bottom  e lem ent was a lw ays  - about. 12 in  above  th e  w a t e r  l e v e l  
i n  th e  sump and th e  end  e f f e c t  o n ly  dependent, on. th e  v a r i a t i o n  in  a i r  and  
w a te r  f l o w  r a t e s  :v . ‘ . .. A
•’ Tem perature M easurem ent ” ‘ , • • A
A p a rt  from  th e  measurement o f  a i r  r a t e  and  w a te r  r a t e ,  a l l  r e c o rd in g s  
w ere  o f  t e m p e r a t u r e / a s  f o l lo w s  : -  A /;A ’
1* ;Wet and d ry  b u lb  tem p e ra tu re  o f  i n l e t  a i r  17
‘2* Wet and  dry . b u lb  tem p e ra tu re  o f  e x i t  a i r  A
3* W a te r  i n l e t  tem p eratu re  . - ■' • " . Y - • A -
4* W a te r  o u t le t  tem peratu re#  A A
The measurement o f  th e se  v a lu e s  w i l l ,  b e  d is c u s s e d  f o r  th e  two s e t s  o f  
exp e r im en ts . ■ ■ / ' ' , /-A,; A ... A . A ;
l i L S  ; • ' > v • _.■ a '*i ' A ' ” ’
I t  w i l l  b e  se en  from  th e  developm ent o f  th e  th e o ry ; th a t  th e  d r i v in g  
f o r c e  f o r  mass t r a n s f e r  a t  any. p o in t  i n  th e . to w e r  can  b e  e x p re s s e d  a s  an  I 
e n th a lp y  d i f f e r e n c e  betw een  th e  b u lk  o f  th e  g a s  and  th e / in te i& c e  be tw een  ■ / 
th e  two p h a se s . The en th a lp y  may b e  c a lc u la t e d  a c c o rd in g  to  the  e q u a t io n :
H =  0 .2 4  ( t &- t o)  +  W (1 07 5 .2  + 0 .4 5 ( t G- t Q) )  \ 
o r  more s im p ly  H a  1075.2W +  s ( t _  -  t  )  ■ . ,  ,
■ , Car . • O
Thus in  o rd e r  t o  de te rm in e  th e  e n th a lp y  o f  an  a i r  m ix tu re  i t  i s  n e c e s s a ry  t o  
m easure i t s  d ry  b u lb  tem p eratu re  and h u m id ity . •.
M easurem ent o f  th e  h u m id ity  o f  th e  a i r -w a t e r  v a p o u r  m ix tu re  can  b e  
c a r r i e d  out b y  s e v e r a l  m ethods*.. The two m ost im p o rtan t m ethods a r e
( i )  th e  ch em ica l m ethod, i n  w h ich  a  known volum e o f  ga s ; i s  p a s s e d  o v e r  a  
, s u i t a b le  a b s o rb e n t , th e  in c r e a s e  in  w e igh t  o f  -which i s  m easured , and  ( i i )  ;• 
th e  d e te rm in a t io n  o f  . th e  w et b u lb  tem p e ra tu re , --
P ro v id e d  t h a t  c e r t a in  c o n d it io n s  a re  f u l f i l l e d ,  th e  second  m ethod i s  
c a p a b le  o f  g i v in g  very r e l i a b l e  r e s u l t s ,  and i t  m s  d e c id e d  t o  u se  i t  f o r  
th e  p re s e n t  w ork  a f t e r  p re l im in a ry  exp erim en ts  had  g iv e n  c lo s e  agreem ent  
b e tw een  th e  tw o m ethods f o r  s e v e r a l  common a i r  sam p les .
T he5 w et b u lb  tem p e ra tu re  i s  th e  tem p eratu re  a t t a in e d  b y  a  therm om eter , 
a r ra n g e d  so  th a t  i t s  b u lb  i s  c o n t in u o u s ly  m o isten ed  w it h  w a te r  a t  th e  same 
tim e as  i t  i s  e x p o sed  t o  a  s tream  o f  a i r .  U n der th e s e  c o n d it io n s  th e  sen ­
s i b l e  h ea t  s u p p l ie d  b y  th e  a i r  p r o v id e s  th e  la t e n t  h e a t  r e q u i r e d  f o r  th e - - . 
e v a p o ra t io n  o f  p a r t  o f  th o  w a t e r ,  w h ich  c o n se q u e n t ly , c o o ls ,  and  th e  tem per­
a t u r e  shown b y  th e  therm om eter f a l l s  u n t i l  a  s te a d y  s t a t e  i s  re a ch e d . Thus 
th e  w et b u lb  tem p e ra tu re  i s  th e  tem p e ra tu re  a t  w h ich  a  dynamic e q u i l ib r iu m  ,-Z  
b e tw e en  th e  p ro c e s s e s  o f  h e a t  t r a n s f e r  an d  w a t e r  v a p o u r  t r a n s f e r  i s  a t t a in e d .  
I f  th e  assum p tion  i s  made t h a t  a  l a r g e  amount o f  a i r  i s  b ro u g h t  in t o  c o n ta c t  
w ith  a  sm a ll amount o f  w a t e r  so  t h a t  th e  tem p e ratu re  an d  h u m id ity  o f  th e  . -  
b u lk  o f  th e  a i r  i s  n o t  a f f o o t e d ,  then  i t  i s  p o s s i b le  t o  d e v e lo p  an  e q u a t io n  
t o  connect h u m id ity  an d  te m p e ra tu re . T h is  e q u a t io n  h as  th e  f o l l o w in g  fo rm :
+  Z*r. .. +  • 1 >  +  ' 4 /rt . 4. Y  ' I'+ V •
I f  h ^ , the. h e a t  t r a n s f e r  c o e f f i c i e n t  c o rre sp o n d in g  t o  r a d ia t i o n  from  th e  
su rro u n d in g s  (assum ed to  be  a t -  th e  same tem peratu re  a s  th e  a i r )  t o  th e  -  fi, 1/ 
w e t te d  s u r fa c e ,  i s  sm a ll i n  com parison  w i t h i n  th e  c o n v e c t io n  h e a t  t r a n s f e r
-- - , • *' Lr ‘ . . .
c o e f f i c i e n t ,  t h i s  e q u a t io n  can  be  s im p l i f i e d  t o : -
■ %  -  \  =  A  - 7  ( %  - 1 ) ' Z ;:
: . 2 9  A *  ■ ; +
From t h i s  e q u a t io n  i t  i s  seen  th a t  th e  w e t -b u lb  tem p e ra tu re  depends o h ly V .fi  
upon th e  d ry / b u lb  tem p e ra tu re  and  h u m id ity  o f  th e  a i r ,  p r o v id e d  th a t  h ^ , 
i s  n e g l i g i b l e  and  th a t  th e  r a t i o  G/k^ rem ains co n s tan t  o v e r  th e  ran ge  o f  
.wet -b u lb  tem p e ra tu re s  used# • • y.;7. ' ..fi::/’ fiV ' V  . . '.V - +
Thus, i f  th e  w et and  d ry  b u lb  tem p e ra tu re s  o f  a  g iv e n  a i r  sam ple a r e  
known, th e  s o lu t io n  o f  t h i s  e q u a t io n  f o r  th e  h u m id ity  o f  th e  sam ple i s
. e x p l i c i t , \ s in c e  a r e  known# I t  i s  u s u a l ly  n o t , n e c e s s a ry  t o  7 +.
c a lc u la t e  th e  r e q u ir e d :v a lu e  o f  h u m id ity  s in c e  i t  can  g e n e r a l ly  b e  o b ta in e d  
from  a  c h a r t  o r  from  t a b le s #  ,r . . / ■+/•/
Measurement. o f  th e  w et b u lb  tem p era tu re  p r e s e n t s  oerfcain  p ro b le m s .
F o r  in s t a n c e , i t  i s  q u i t e  p r o b a b le  th a t  h eat w i l l  b e  s u p p l ie d  t o  th e  w ick  
p la c e d  round  th e  w e t -b u lb  therm om eter b y  r a d ia t io n  from  th e  s u r ro u n d in g s ,  
so  t h a t  th e  p ro c e s s  i s  n o t  q u it e  a d ia b a t i c .  A l s o ,  i t  i s  som etim es q u it e
d i f f i c u l t  to  keep  th e  w id e  c o m p le te ly  w e tte d . B o th  te n d  t o  make th e  wet
b u lb  r e a d in g  h ig h  r e s u l t in g  i n  a  h ig h e r  h u m id ity  r e a d in g  th an  th e  t r u e  <•+  
v a lu e *  The f i r s t  d i f f i c u l t y  i s  m in im ised  b y  u se  o f  a  h ig h e r  v e l o c i t y  o f  + 
a i r  f l o w  a c ro s s  th e  b u lb ,  t o  make th e  co n v e c t io n  h e a t  t r a n s f e r  c o e f f ic ie n t /  
much l a r g e r  nhd th e  r a d ia t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t ,  n e g l i g i b l e  i n
—  l\£
com parison  w ith  i t *  U n le s s  t h i s  i s  done, /the wet b u lb  tem p eratu re  w i l l  
b e  dependent upon th e  a i r  v e l o c i t y ;  above some s u i t a b l e  v e l o c i t y  how ever, 
a s  th e  r a t e  o f  w a te r  v ap o u r  t r a n s f e r  w i l l  have in c r e a s e d  i n  p r o p o r t io n  t o  
th e  r a t e  o f  h e a t  t r a n s f e r  b y  c o n v e c t io n , th e  w et b u lb  tem p eratu re  w i l l  
once a g a in  b e  indepen den t o f  th e  v e l o c i t y  o f  th o  a i r *  ■ "A '; .. ...
C a r r i e r  &  L i n d s a y  ( 5 2 )  h a v e  s h o w n  t h a t  w i t h  a n  a i r  v e l o c i t y  o f  f r o m  
17  t o  6 7  f t / s e c *  a c r o s s  t h e  s u r f a c e  o f  t h e  b u l b ,  t h e  e r r o r  i n  t h e  w e t  b u l b  
r e a d i n g  V a r i e s  f r o m  1 *3  >  0;2J? a n d  t h a t -  f o r  a  g i v e n  a i r .  v e l o c i t y  t h e  pex*-  
c e n t a g e  d e v i a t i o n  w i l l  b e  l o w e r ,  ...th e  h i g h e r  t h e  w e t  b u l b  t e m p e r a t u r e *  T h e s e  
r e s u l t s  h a v e  b e e n  c o n f i r m e d  ( 22 )  a n d  i t  i s  g e n e r a l l y  a c o e p t e d  t h a t ,  a n  a i r  
v e l o c i t y  o f  a b o u t  1 5 f t / s e c *  i s  s a t i s f a c t o r y  p r o v i d e d  t h a t  p r e c a u t i o n s  a r e  
t a k e n  t o  s h i e l d  b o t h  b u l b s  f r o m  r a d i a t i o n  f r o m  t h e  s u r r o u n d i n g s *
.. The d i f f i c u l t y  o f  k e e p in g  th e  w ic k  wet i s  a  m ech an ica l one and  i s  
g r e a t e r  th e  h ig h e r  th e  a i r  v e l o c i t y  and  th e  h i $ i e r  th e  a i r  tem p e ra tu re  
b ecau se  o f  th e  g r e a t e r  r a t e  o f  ev a p o ra t io n #  In c o r r e c t  r e a d in g s  o f  w e tr  
b u lb  tem p e ra tu re  w i l l  b e  o b ta in e d  i f  th e re  i s  a  s o lv e n t  p r e s e n t  i n  th e  a i r  
w h ich  w i l l  condense on th e  w io k  o r  i f  t h e re  i s  any im p u r ity  i n  th e  w a t e r  
u se d  f o r  w e t t in g  th e  w ick# l i t t l e  can  b e  done t o  p re v e n t  th e  f i r s t '  ev en t­
u a l i t y  sh o u ld  i t  a r i s e ,  b u t  th e  secon d  oan  b e  a v o id e d  b y  u se  o f  f r e s h l y  
d i s t i l l e d  w a te r* ' A • -/  . ■ Y//7
I t  w i l l  b e  s e e n  th a t  th e re  a r e  a  number o f  p o s s i b le  so u rce s  o f  e r r o r *  
H ow ever, th o se  can  b e  red u c ed  t p  a  minimum b y  c a r e f u l l y  c o n t r o l l i n g  th e  
c o n d it io n s  u n d e r  w h ich  th e  w e t -b u lb  tem p eratu re  i s  m easured .
F o r  th e  f i r s t  s e t  o f  e x p e r im en ts , th e  i n l e t  and  o u t le t  w et an d  d ry  / 
b u lb  a i r  tem p e ra tu re s  w ere  m easu red  b y  a  p a i r  o f  m e r o u iy - in - s t e e l  th e im o - fa- 
met e r s .  These therm om eters, m easu rin g  lO in  lo n g  b y  § in  d i a . ,  a re  th e  ’ v /  
s e n s in g  e lem ent o f  a  B r i s t o l s  M ode l 2T500-43B R e c o rd in g  P^oh rom eter, ; I n  , 
t h i s  ap p a ra tu s  th e  e x p an s io n  o r  c o n t r a c t io n  o f  th e  m ercury  i n  a  therm om eter  
i s  t r a n s m it te d  th ro u gh  arm oured , f l e x i b l e  c o p p e r  tu be  t o  a  B o u rd o n -ty p e  
gau ge . The movment o f  th e  f r e e  end o f  t h i s  gauge i s  m a g n if ie d  b y  a  system  ;; 
o f  l in k a g e s  t o  a  movement a t  th e  t i p  o f  lo n g  arm. T h is  c a r r i e s  a  pen  w h ich  •; 
m arks th e  movement o f  a  s p e c i a l l y  p re p a re d  c h a r t .  The c h a r t s  u se d  i n  th e  
p re s e n t  w ork  w ere  m arked in t o  2 °F  d iv i s io n s  c o v e r in g  th e  tem p e ra tu re  ran ge  
5 0 -1 5 0 °F .. They w ere  a l s o  r o t a t e d  b y  a- c lo c k -w o rk  m otor a t  th e  r a t e  
o f  one r e v o lu t io n  e v e ry  24 h o u rs . The la y o u t  was d u p lic a t e d  f o r  th e  two  
therm om eters. The p a r t i c u l a r  u se  o f  th e  ap p a ra tu s  was t o  g iv e  a  r e c o rd  o f  
th e  wet and  d r y -b u lb  tem p e ra tu re s  o v e r  a  p e r io d  o f  tim e and  i t  s e r v e d  t o  ‘ri 
show th a t  n o t o n ly  w ere  th e  i n l e t  a i r  tem p e ra tu re s  v e r y  n e a r ly  c o n s tan t  ./ 
th rou gh ou t an  ex p e rim en t, b u t  a l s o ,  when r e c o r d in g  th e  e x i t  a i r  te m p e ra tu re s , 
th e  p o in t  a t  w h ioh  th e  a p p a ra tu s  re a c h  e q u i l ib r iu m  ( i .  e .  th e  p o in t  a t  w h ich  / 
th e  e x i t  a i r  tem p e ra tu re s  assum ed co n stan t v a lu e s  a f t e r  a  p e r io d  o f  warning/,/ 
up ) . U n f o r tu n a t e ly ,  a s  w i l l  b e  m entioned  l a t e r ,  th e  re c o rd e d  v a lu e s  w ere  
fo u n d  t o  b e  a c c u ra te  o n ly  t o  th e  n e a re s t  0 .5  F , w h ich  red u ced  th e  v a lu e  o f  
th e  exp erim en ts  g r e a t ly .  T h is  was one o f  the  m ain  re a so n s  f o r  c a r r y in g  out / 
a  second  s e t  o f  e x p e r im en ts .
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,v { F o r  m easu r in g  th e  i n l e t  a i r  tem p era tu re s  i n  th e  f i r s t  s e t  o f  e x p e r i -  /J
m ents, th e  therm om eters w ere  c a r r i e d  i n  a  s p e c i a l l y  d e s ig n e d  c r a d le  h e ld  
b y  a  b r a c k e t  c lo s e  t o  th e  a i r  i n l e t  t o  t h e ' sump tan k* The w et b u lb  a. A ■ • ;/i
therm om eter was c o v e re d  w i t h  a  c o t to n  t w i l l  b a g  w h ich  d ip p e d  in t o  a
d i s t i l l e d  w a t e r  r e s e r v o i r  b u i l t  in t o  th e  c r a d le  . A T h i s  was fo u n d  to  m a in ta in  A
th e  w ic k  s a t i s f a c t o r i l y  i n  a  th o ro u g h ly  w e t te d  c o n d it io n . The. d i s t i l l e d  
w a t e r  was c o n t in u a l ly  changed  b y  g r a v i t y  d isp lacem en t from  an e x t e r n a l  Y  ’ A-AY 
so u rc e . The d r y -b u lb  therm om eter was p la c e d  about 4 ±n  away from  th e  w e t -  
b u lb  and  s h ie ld e d  from  i t  b y  an  alum inium  r e f l e c t o r .  F o r  t h i s  s e t  o f  /A A;
exp erim en ts  th e  top  s u r fa c e  o f . th e  w a te r  in  th e  sump was n o t c o v e re d , n e i t h e r  A
w as th e  a i r  d e f le c t e d  roun d  t o  th e  s id e s  o f  t h e : column* / A f t e r  p a s s in g  o v e r  A
th e  therm om eters th e  a i r  w as d iv e r t e d  in t o  th e  to w e r , p a s s in g  o v e r  th e  
c u rv e d  d e f le c t o r s  an d  thence  th ro u gh  th e  p a ck in g .
*„ The e x i t  a i r  tem p e ra tu re s  w e re  m easured  f o r  each  experim ent, b y  th e  A
same p a i r  o f  therm om eters* A f t e r  s te a d y  c o n d it io n s  had  been  o b ta in e d  f o r  
th e  i n l e t  a i r  an d  th e  v a lu e s  r e c o rd e d , th e  therm om eters w ere moved t o  a  ; ,
c r a d le ,  i d e n t i c a l  t o  th a t  a t  th e  a i r  i n l e t ,  p la c e d  i n  the  chimney above  .the  
to w e r , and s l i g h t l y  above a  s e t  o f  s p r a y  e lim in a to rs #  H ere th e  w e t -  and. >
d r y -  b u lb  tem p e ra tu re s  o f  th e  w e l l  m ixed e x i t  a i r  was m easured , an d  th e
v a lu e s  reco fy ied  on th e  c h a r t *  Once a g a in  th e  therm om eters w ore s h ie ld e d  t o  ?,A
red u ce  r a d ia t io n  e r r o r s ,  a n d , . a s  a  f u r t h e r  p r e c a u t io n , th e  c r o s s  s e c t io n a l  
a r e a  f o r  a i r  f l o w  was c o n s t ru c te d  in  o rd e r  t o  r a i s e  th e  a i r  'V e lo c it y  above AA 
iS i 't/ s 'e c i f o r  a l l  oaCCsi
F o r  th e  pack ed  h e ig h t s  u se d  in + t h i s  s e t  o f  exp erim en ts  th e  e x i t  a i r  
was a lw ay s  so  n e a r ly  s a t u r a t e d  th a t  th&  d i f f e r e n c e  b e tw een  w e t -  and  d r y -  +  7 
b u lb  v a lu e s  on th e  chart c o u ld  no t b e  a c c u r a t e ly  de te rm in ed . I t  was fo u n d  
t h a t  th e  R e c o rd e r  was o n ly  a c c u ra te  t o  — 0*5 F, an  e r r o r  w h ich  c o u ld  n o t b e  - 
t o l e r a t e d ,  e s p e c i a l l y  i n  th e  measurement o f  such c r i t i c a l  v a lu e s  a s  th e  
e x i t  a i r  w e t -  and  d r y - b u l b  tem peratu res#  :? +■
I t  was d e c id e d  th a t  f o r  th e  second  s e t  o f  exp erim en ts  much b e t t e r  
in s t ru m e n ta t io n  was n e c e s s a ry  and  i t  was fo u n d  t h a t  much b e t t e r  r e s u l t s  c o u ld  
b e  o b ta in e d  b y  u s in g  c a l i b r a t e d  m ercury  i n  g l a s s  therm om eters g ra d u a te d  
i n  0 .1  °F  and  a c c u ra te  t o  th e  n e a r e s t  0 .0 5 °F# Two such  therm om eters w e re ,  
t h e r e fo r e ,  u s e d  f o r  t h i s  set#  The b u lb  o f  th e  w e t -b u lb  therm om eter was  
c o v e re d ,w ith  a  c le a n  p ie c e  o f  c o t to n  c lo t h  and  m an u a lly  f e d  w it h  f r e s h  
d i s t i l l e d  w a te r .  The i n l e t  a i r  tem p e ra tu re s  w ere  ta k e n  s l i g h t l y  t o  one 
s id e  o f  th e  m ain  a i r  i n l e t ,  i n  th e  d iv e r t e d  a i r  s tream s p a s s in g  t o  th e  
r i g h t  hand s id e  o f  th e  tow er#  The e x i t  a i r  tem p e ra tu re s  w ere ta k e n  a t  a  
p o in t  ju s t  above, th e  w a te r  d i s t r i b u t i o n  system . I n  v ie w  o f  th e  sh o rt  p a c k in g  
h e ig h t s  u se d , th e se  tem p e ra tu re s  c o u ld  n o t  b e  tak en  to o  far* above  th e  '
p a c k in g  as  th e  c o n d it io n  o f  th e  a i r  w o u ld  have changed  a p p r e c ia b ly .  The 
P e rs p e x  f r o n t  window was t h e r e f o r e  cu t  i n  h a l f  an d  th e  lo w e r  h a l f ,  o n ly ,  
rep la c e d #  In  o rd e r  t o  in c r e a s e  th e  e x i t  a i r  v e l o c i t y  from  th e  system , th re e  
.q u a r t e r s  o f  th e  f r e e  c r o s s  s e c t io n a l  a r e a  was b la n k e d  o f f .  The e x i t  a i r  
tem p e ra tu re s  w ere  tak en  b y  phasing th e  therm om eters w i t h  t h e i r  b u lb s  i n  th e  
a i r  stream  p a s s in g  th ro u gh  re m a in in g  f r e e  a r e a .  A s b e f o r e ,  c a re  was tak en  
t o  s h i e ld  th e  b u lb s  from  each  o th e r  and from  o th e r  r a d ia t io n  e f f e c t s .
- 5 0 -
I n  th e  f i r s t  s e t  o f  exp e rim en ts , th e  . i n l e t  w a t e r  tem p eratu re  was tak en  
i n  th e , 1 in  r i s e r  l e a d in g  from  th e  R otam eter t o  th e  d i s t r i b u t io n  system , A  
m ercury  i n  g la s s  therm om eter g ra d u a te d  i n  0 .5 °F  d i v i s i o n s  was u se d . I t  was  
fo u n d  th a t  th e  tem p e ra tu re  o f  th e  w a t e r  i n  th e  p r im a ry  t ro u g h  was e x a c t ly ,  
th e  same as  th a t  m easu red  i n  th e  r i s e r .  F o r  th e  secon d  s e t  o f  exp erim en ts  
h ow ever, i t  was, fo u n d  th a t  th e  tem p eratu re  o f  th e  w a t e r  i n  th e  p r im a ry  
t ro u g h  was a lw ay s  abou t 0 ,3 °F  lo w e r  than  th a t  i n  th e  r i s e r .  I t  - w as , t h e re ­
f o r e ,  d e c id e d  th a t  ow in g  t o  th e  g r e a t e r  a c c e s s i b i l i t y  o f  the  d i s t r i b u t i o n  
system  i n  t h i s  c a s e , i t  w o u ld  b e  p r a c t ic a b le  t o  m easure th e  i n l e t  w a t e r * . ..
tem p e ra tu re  i n  th e  p r im a ry  t ro u g h , dmrre d i a t e ly  b e f o r e  d i s t r i b u t io n  t o  th e  
p a c k in g . The therm om eters w ere  c a l i b r a t e d  and  fo u n d  t o  b e  a c c u ra te  an d  a s  
th e  i n l e t  w a te r  tem p e ra tu re  c o u ld , -w ith  c a r e ,  b e  c o n t r o l le d  t o  a  s te a d y  
v a lu e ,  i t  was g e n e r a l ly  p o s s i b le  t o  e s t im a te  th e  therm om eters r e a d in g  t o  . 
th e  n e a r e s t  0 .1  ° F .  : ' N  ’ • v a \
M easurem ent o f  th e  e x i t  w a te r  tem p e ratu re  p re s e n te d  a  r a t h e r  more 
awkward p ro b lem . I n  th e  f i r s t  s e t  o f  exp erim en ts  t h i s  tem p eratu re  m s ',  
a lw ay s  m easu red  in  a  s m a ll t ro u g h  bon o th  th e  p a c k in g . F o r  th e  h ig h e s t  
packed  h e ig h t ,  a  sam ple o f  th e  -water f a l l i n g  from  th e  bottom , elem ent was  
c o l l e c t e d  i n  a  t ro u g h  and l e d ,  th ro u gh  a  la g g e d  p ip e ,  t o  th e  o u t s id e  o f  th e  
to w e r , w here i t  p a s s e d  o v e r  th e  b u lb  o f  a  m ercury  in  g la s s  therm om eter 
in s e r t e d  in t o  one arm o f  a  T -p ie c e ,; and  from  th e n c e ,: b a c k  in t o  th e  sump,
F o r  th e  s h o r t e r  pack ed  h e ig h t s ,  th e  w a te r  tem peratu re  was tak en  i n  th e  
d e f l e c t o r  t ro u g h s  b e n e a th  th e  p a c k in g . - r ‘. .
I n  th e  secon d  s e t  o f  e x p e r im en ts , th e  tw o m e rd iiry  i n  s tee l:-th e rm om eters  
w ere  p la c e d  s id e  b y  s id e ,  abo u t 6 in  a p a r t ,  i n  a  c r a d le  and  h e ld  abou t  
J  -  •§ i n  b e lo w  th e  to p  s u r fa c e  o f  .the .w a te r  i n  th e  sump d i r e c t l y  b en ea th  
th e  tower# P la c e d  l i k e  t h i s  th e  therm om eters gave a  rough  in d ic a t io n  o f  
th e  evenness o f  w a t e r  and a i r  d i s t r i b u t io n ,  i . e .  i f  th e  two therm om eters  
r e a d  i d e n t i c a l  v a lu e s  i t  was assum ed th a t  th e re  was ho m a ld is t r ib u t io n #
I t  i s  though t e x t re m e ly  u n l i k e ly  th a t  a  m a ld is t r ib u t io n  o f  b o th  w a t e r  and  
a i r  stream  w o u ld  e x a c t ly  c a n c e l each  o th e r  out#
In  f a c t ,  f o r  th e  g r e a t  m a jo r i t y  o f  th e  runs th e  tem p era tu re s  in d ic a te d ,  
b y  th e  two. therm om eters w ere  e q u a l,  and  where th e y  w ere  n o t q u it e  s o , an  
av e ra g e  v a lu e  was tak en * .* ~ ‘ : 7
. I t  i s  r e a l i s e d - t h a t  th e  tem p era tu re  o f  th e  w a t e r  when i t  re a ch e s  th e  
sump s u r fa c e  i s  n o t  th e  same .as when i t  le a v e s  th e  p a c k in g  an d  a l s o  th a t  
a  c e r t a in ,  undeterm ined , d e g re e  o f  h u m id i f ic a t io n  o f  th e  i n l e t  a i r  has. 
tak en  p la c e  b e fo r e  i t  e n te r s  th e  p ack ed  s e c t io n ,  b u t  t h i s  and  o th e r  end  
e f f e c t s ,  have b een  a l lo w e d  f o r  i n  a  c o r r e c t io n  a p p l i e d  t o  th e  r e s u l t s  on  
a n a ly s i s .  ( s e e  l a t e r )
The fo l lo w in g ,  i s  a  t a b u la t e d  summary o f  th e  ap p a ra tu s , u s e d  i n  t h e > • 
two s e t s  o f  exp erim en ts  t o  m easure th e  v a r io u s  f l o w  r a t e s  and  tem p era tu re
Q u a n t ity
~i*vtt>-ran<ut■j.'xtKm-,:**™.*?.-wtntf > *n ' •« <f.unn; -n -rrrwrim-i i i"iri-*>rii i r~iT i i’"
A p p a ra tu s  u se d  f o r  m easurement
■ ■ 1 st  S et 2nd s e t
A i r  R ate O r i f i c e  P la t e O r i f i c e  P la t e
W a te r  R a te ; R otam eter ; R otam eter
I n l e t  a i r  tem p, * M e rcu ry  i n  s t e e l  . 
w et & d ry  b u ib  
therm om eters
m ercury  i n  g l a s s  
wet & d ry  b u lb  
therm om eters
E x it  a i r  tem p, d i t t o d i t t o
I n l e t  w a te r  temp. m ercu ry  i n  g la s  s 
therm om eter
m ercury  in  g la s s  
therm om eter
E x it  w a t e r  temp. m ercu ry  i n  g l a s s  
therm om eters
two m ercury  in  s t e e l  
therm om eters
SECTION, 5
S e l e c t i o n  o f  t h e  O p e r a t i n g  V a r i a b l e s
I t  was. p ro p o se d  t o  c a r r y  out a  s e t  o f  exp erim en ts  t o  determ in e  th e  
v a r i a t i o n  in  v a lu e  o f  th e  I n d i v i d u a l  f i lm  f a t e  c o e f f i c i e n t s  w it h  change V . 
i n  l e v e l  o f  th e  m a jo r  o p e r a t in g  v a r i a b l e s  W a te r  R a te , A i r  R ate an d  Packed  
•H eight* ‘ ' ’ ’• / '' •• '
I t  was d e c id e d  t o  m a in ta in  th e  i n l e t  w a te r  tem p e ra tu re  a t  a  co n s tan t  
v a lu e  o f  110°F , t h i s  v a lu e  b e in g  s e le c t e d  a s  one commonly .met w it h  in  
i n d u s t r i a l  p r a c t ic e .  The i n l e t  a i r  c o n d it io n  was i n  a l l  c a se s  th a t  o f  th e  
am bient atm osphere , no attem pt b e in g  made "to  p r e -c o n d i t io n  i t  t o  a  p a r t i c ­
u l a r  q u a l i t y  b e fo r e  e n t ry  in t o  th e  tow e r*  • .
The o p e r a t in g  l e v e l s  o f  th e  th re e  m a jo r  v a r i a b l e s  w ere  s a le c t e d  f o r  
th e  two s e t s  o f  exp erim en ts  a s  f o l l o w s :
F i r s t  S e t .  ' *’ ■
W a te r  R ate : Six: l e v e l s  : 2250, 2000, 1750, 1500, 1250 & 1000 l b / h r f t 2to w e r
■/ *_ . - - ■. •, • ; c* s • a
A i r  R ate  ; S ix  l e v e l s :  2250, 2000, 1750, 1500, 1250 1000 l y W t S o w e r
*, c . s • a
P ack ed  H e ig h t : F o u r  l e v e l s  : 4 f t  6 in , 2 f t  3 in ,  1 f t  1^-in & 6 f i n  ’
' The s i x  w a t e r  r a t e s  ch osen  c o v e r  a  w id e  ran ge  an d  e x ten d  a c ro s s  th e
most, i n t e r e s t in g  s e c t io n ,  nam ely , th a t  a round  th e  Minimum E f f e c t i v e  L iq u id
• / 2 •
R ate  :(c .1 3 0 0  lb / h r .  f t  f o r  th e  p a c k in g  u s e d ) . Tho a i r  r a t e s  w ere  s e le c t e d
to  co rre sp o n d  w ith  th e  w a t e r  r a t e s  u sed . F o u r  p ack ed  h e ig h t s  were u se d , *
I t  waer hoped  in  t h i s  way t o  o b t a in  a  v a r i a t i o n  in  th e  d e g re e  o f  s a t u r a t io n
o f  th e  e x i t  a i r .  U se o f  a  num ber o f  p ack ed  h e ig h t s  a l s o  p ro v id e s  a  means o f  !
Selection of Operating Variables ;
estimating the magnitude of the end-effects (see later)
A t o t a l  o f  6 x 6  x  4 : «  144 exp erim en ts  w ere  c a r r i e d  out i n  t h i s  s e t .
S e c o n d . S e t .
F o r  re a so n s  v/hich w i l l  he d is c u s s e d  i n  a  l a t e r  s e c t io n  i t  was n ece ssa ry , 
t o  c a r r y  out a  seco n d  s e t  o f  exp erim en ts  i n  v/hich th e  l e v e l s  o f  th e  
v a r i a b l e s  was a s  f o l l o w s : .7 - • '• v - > . v • , * ~v> . . yfi
W a te r  R a te : F o u r  l e v e l s :  2000, 1500, 1260, 1000 l b / h r . f t ^  to w e r  c . s . a .
A i r  Rate : F o u r  l e v e l s :  1680, 1260, 1.040, 880 lb / h r *  f t 2 to w e r  c . s . a .  /
P ack ed  h e ig h t :  F iv e  l e v e l s :  l f t  1 J in ,  1 0 j in ,  6J in ,  3 § in  and  i j i n .
I t  w i l l  b e  seen  th a t  c o n s id e r a b le . changes w ere  made f o r  th e  secon d  s e t .  * • 
The ran ge  o f  th e  exp erim en ts  was sh o rte n e d  b y  c u t t in g  out two a i r  r a t e s  
an d  two w a te r  r a t e s  i n  th e  to p  o f  t h e i r  ra n g e s . T h is  was n e c e s s a ry  f o r  a  
num ber o f  r e a so n s , b u t  p r im a r i ly  b ec au se  th e  tim e a v a i l a b l e  f o r  th e  com­
p l e t i o n  o f  th e  s e t  was n o t v e r y  g r e a t .  F o r  re a so n s  w h ich  w i l l  b e  e x p la in e d  
i n  a  l a t e r  s e c t i o n , ; - i t  was n e c e s s a ry  t o  work  a t  much lo w e r  packed, h e ig h t s  
th a n  i n  th e  f i r s t  s e c t io n  and: th e  exp erim en ts  w ere c a r r i e d  out a t  f i v e  
s h o rt  packed  h e ig h t s  in  ah  a ttem pt to  f i n d  out how q u ic k ly  th e  a i r .  re a ch e d
s a t u r a t i o n  a f t e r  i t  e n t e r e d  t h e  p a c k i n g .  - /•
/ 2 * '
W a te r  r a t e s  o f  1750 & 2250 l b / h r . f t  to w e r  c . s . a .  w ere  e x c lu d e d  from
t h i s  s e t .  T h is  was done a s  i t  was f e l t  t o  b e  more d e s i r a b le  t o  e x p lo re  th e
r e g io n  around  th e  M .E . L . R. One; h ig h  w a te r  r a t e  w as , how ever, .used  f o r
th e  sake o f  com p le ten ess .
I t  w i l l  b e  n o t ic e d  t h a t  th e  v a lu e s  o f  . the  a i r  r a t e s  d i f f e r  f o r  th e
two s e t s  o f  "experim ents. I t  was fo u n d  i n  th e  f i r s t  s e t  o f  exp erim en ts  th a t
fi..* ' - ' _ ' ■ . ■ t ' 2  ‘ ’ ■ , • * ’
the; • h ighest: -..air r a t e s  (2000  2250 ' l b / h r . f t  )  c au sed  e x c e s s iv e  , s p ra y  c a r i y -
' ' "  ./■ -  54 -
o v e r  from  th e  to p  o f  th e  p a c k in g . T h is  was e x trem e ly  u n d e s ir a b le  a s  i t  
'.' in c r e a s e d  th e  co n ta c t  tim e be tw een  th e  ph ases* I t  i s  a lm ost c e r t a in  that.A 'V  
th e  e x i t  a i r  c o n d it io n  was a l t e r e d  a f t e r  i t  l e f t  th e  p a ck in g , due t o  p a r t i a l  
o r  t o t a l  v a p o u r is a t io n  o f  th e  w a te r  d r o p le t s  in  th e  a i r  stream . I n  f a c t ,  
th e  a i r  r a t e s  f o r  th e  secon d  s e t  a r e  th e  a c t u a l  a i r  r a t e s  c o r re s p o n d in g  . A 
t o  t h e o r e t i c a l  a i r  r a t e s  o f  2000, 1500, 1260 & 1000 l b / h r , f t 2, A / a :
(N o t e ;  A i r  r a t e s  i n  th e  f i r s t  s e t  a r e  a c t u a l  r a t e s  c o r re sp o n d in g  t o  t h e o r e t ­
i c a l  r a t e s  o f  a p p ro x im a te ly  2700 , 2400, 2.100, 1800, 1500 & 1200 lb / h r ,  f t 2) -  
The t o t a l  num ber o f  exp erim en ts  c a r r i e d  out i n  th e  second  s e t  o f  
exp erim en ts  was 4  x  4  x  5 = 80 experim ents#  I t  was l a t e r :d e c i d e d  t o , c a r i y / ■ / 
out r e p l i c a t e  exp erim en ts  a t  th e  s h o r t e s t  packed  h e ig h t .  T h is  r e s u l t e d  i n  A 
a  f u r t h e r  4  x  4  x  1 »  16 s e t s  o f  e x p e r im e n ta l d a ta .
7]
SECTION
6 . E x p e r i m e n t a l  P r o c e d u r e  . P a g e  56
6 . 1 . S t a r t  i n g - u p  l / r o c e d u r e  ' P a g e  56
6 . 2 . E x p e r i m e n t a l  P r o c e d u r e  f o r - f i r s t  s e t  ' '  P a g e  57
o f  R e s u l t s  . '
6 . 3 .- * .. E x p e r i m e n t a l  P r o c e d u r e  f o r  s e o o n d  P a g e  60
y s e t  o f  R e s u l t s  ' ■ y  ' •. -• .
• •/ Y - 56  — . Y> : \ * ' fig-. '■ ' ' ’’ |,Y
' I t  i s  con ven ien t t o  d iv id e  t h i s  s e c t io n  in to  th re e  p a r t s :  th e  . 
s t a r t in g -u p  p ro ced u re  (common to  b o th  s e t s )  and  th e  e x p e r im e n ta l p ro ced u re  ' / 
f o r  eaoh  s e t *  < . '
; S t a r t in g -u p  P ro c ed u re  • • • /
( i )  P ack ed  h e ig h t  a d ju s t e d  t o  th e  r e q u ir e d  l e v e l *
( i i )  Sump & h e a t e r  tan k s  f i l l e d  t o  C o rre c t  l e v e l  and  th e  h e a t in g  steam  tu rn e d  on#;
( i i i )  M ien  w a te r  tem p era tu re  re a ch e d  abou t 110 °P  i n  th e  h e a t e r  tan k , th e  c i r c u l -  
a t io n  pump was s t a r t e d  and  v/ater pumped a t  th e  maximum r a t e  o v e r  th e  
p a c k in g  to  w et i t  th o ro u g h ly , and  t o  en su re  com plete  s w e l l in g  o f  th e  p a c k in g  /! 
e lem en ts  b e fo r e  th e  commencement o f  th e  runs*
( i v )  A lign m en t o f  w a te r  d i s t r i b u t i o n  system  checked, an d  ad ju stm en t made i f
n e ce ssa ry * - * : ; ■ . 0 0 "
( v )  A i r  b lo w e r  s t a r t e d  and  r a t e  o f  a i r  f l o w  t o  to w e r  r e g u la t e d  b y  th e  b u t t e r f l y
v a lv e  t o  g iv e  th e  c o r r e c t  p r e s s u r e  r e a d in g  on th e  m ioro -m anom eter f o r  th e  /./A/ 
' r e q u ir e d  f l o w  r a t e *
( v i )  W a te r  r a t e  a d ju s t e d  t o  r e q u ir e d  v a lu e  a f t e r  abou t t e n  m inutes a t  maximum r a t e *  
( v i i )  System  a l lo w e d  t o  s e t t l e  — c o n s ta n t  ad ju stm en t o f  h e a t in g  steam  i n l e t  t o  / 
ta n k  0 was n e c e s s a ry  i n  o r d e r  t o  m a in ta in  th e  i n l e t  w a te r  tem p e ra tu re  a t  
110°3?. , ■' .V ' - ' / J
( v i i i )  The a p p a ra tu s  g e n e r a l ly  t o o k  from  45 -  60 m inutes t o  ro a c h  e q u i l ib r iu m  from  
f i r s t  s t a r t i n g  up* The p o in t  a t  w iiich  e q u i l ib r iu m  was re a ch e d  w as q u it e  *
. e a s i l y  de te rm in ed . ' . t. / -;Y, - '.A / •  ’.-A - /-• , h-'./.A'A;
6# Experimental Procedure
"  3 7  ~  .
E x p e r i m e n t a l  p r o c e d u r e  f o r  t h e  f i r s t  s e t  o f  e x p e r i m e n t s  
; 7 •' ( i x )  T h e  m e r c u r y - i n - s t e e l  t h e r m o m e t e r s - v / e r e  p l a c e d  i n  t h e  c h im n e y  a b o v e  / t h e  t o w e r . '*  
T h e  a p p a r a t u s  w a s  a d j u d g e d  t o  h a v e  r e a c h e d  e q u i l i b r i u m  c o n d i t i o n s  w h e n  t h e s e  
, t h e r mo me t e r s  r e a d  s t e a d y  v a l u e s .  / I t  w a s  n o t i c e d  t h a t  a s  t h e  a p p a r a t u s  7: Z f i  * 
7 s e t t l e d  d o w n , t h e  n e c e s s i t y  f o r  a d j u s t m e n t  o f  i n l e t  h e a t i n g  s t e a m  b e c a m e  l e s s
a n d  l e s s . .  ■: . - fi 7 V  _.fi y- 7 * .. _ ‘ y;. ■ - , . - f i . f i . 7 . : > > / . /
( x )  T h e  m o r c u a y - i n - s t e e l . t h e r m o m e t e r s  w e r e  t h e n  t r a n s f e r r e d  t o  t h e  c r a d l e  c l o s e  
t o  t h e  a i r .  i n l e t *  T h e  i n l e t  a i r  t e m p e r a t u r e  w a s  t h e n  r e c o r d e d .  T h e  s y s t e m  -fi 
w a s  m a i n t a i n e d  a t  c o n s t a n t  c o n d i t i o n s  b y  c a r e f u l  o b s e r v a t i o n  o f  i n l e t  w a t e r  
t e m p e r a t u r e .  A ny  v a r i a t i o n  o f  t h i s  t e m p e r a t u r e  f r o m  1 1 0 ° F  w a s  c o r r e c t e d  'fi-fififi 
e i t h e r  b y  a d j u s t m e n t  o f  t h e  w a t e r  r a t e  o r ,  m o re  c o m m o n ly , b y  a d j u s t m e n t  o f  
t h e  q u a n t i t y  o f  h e a t i n g  s t e a m ,  w i t h  o r  w i t h o u t  , u s e  o f  t h e  d r a i n  v a l v e  o n  
t h e  h e a t e r  t a n k  a s  a  f i n e  c o n t r o l . '  +  . +  ’ :
( x i )  A f t e r  a b o u t  3 0  m in u t e 's 1 i n  t h e  l o w e r  c r a d l e  t h e  t h e r m o m e t e r s  w e r e  m o v e d  t o  fi-  
t h e  c r a d l e  i n  t h e  c h im n e y  w h e r e  t h e  e x i t  a i r  t e m p e r a t u r e  f o r  t h e  p a r t i c u l a r 7; 
s e t  o f  c o n d i t i o n s  w a s  m e a s u r e d .  T h e  t h e r m o m e t e r s  w e r e  l e f t  i n  t h i s  p o s i t i o n  
■ f o r  a  f u r t h e r  3 0  m i n u t e s  d u r i n g  w h i c h  t im e  t h e  t e m p e r a t u r e s  w e r e  r e c o r d e d .  .
. ( x i i )  D u r i n g  t h i s  l a t t e r  p e r i o d ,  t h e  . i n l e t , a n d  e x i t  v / a t e r  t e m p e r a t u r e s  w e r e i a k e n .
a t  5  m in u t e  i n t e r v a l s ,  a n d  t h e  a v e r a g e  v a l u e  c a l c u l a t e d .  ’ ■’ fi-’Z 1* 7 . *' fi ;
T h e  f o l l o v / i n g  t e m p e r a t u r e s  w e r e  t h u s  r e c o r d e d  o n  a  p r e p a r e d  " R e s u l t s ” 
.fi^.fi- ; s h e e t .  ' V  .. y.\ . • - ; v-.vfi; " .. > .f i •- • ' ' . ,7 ... • . . . 7  ;- y - .7 + • ; '  .V; V .f i:
( a )  I n l e t  a i r .  t  e m p e r a t u r e s  (w e t  &  d r y  b u l b )  a t  t h e  e n d  o f  i t s  m e a s u r e ­
m e n t . p e r i o d .  , fi.; . .7  ' •;•* \  V -  . • Yfi • • • 7 'fi.
; ( b )  E x i t  a i r  t e m p e r a t u r e s  ( w e t  &  d r y  b u l b )  a v e r a g e d  o v e r  t h e  p e r i o d  
a f t e r  t h e  t h e r m o m e t e r s  s e t t l e d  t o  s t e a d y ,  v a l u e s .  *
( c )  I n l e t  w a te r  tem p e ratu re  .■*
(a )  E x it  w a te r  tem p era tu re  a v e ra g e d  o v e r  th e  secon d  30-rminute p e r io d *  
( x i i i )  F o r  th e  same a i r  r a t e  an d  p ack ed  h e ig h t ,,  th e  w a te r  r a t e  was th en  a l t e r e d  to  
a  new  v a lu e ,  and  th e  h e a t in g  steam  red u ced  s l i g h t l y  i n  p r o p o r t io n ,  t o  ' . 
m a in ta in  the  i n l e t  w a t e r  tem p e ra tu re  a t  110°F* The system  was th e n  a l lo w e d  
t o  s e t t l e  to  th e  new c o n d it io n s .  T h is  g e n e r a l ly ,  t o o k  about 10 m inu tes*
( x i v )  Once a g a in , . t h e  e x i t  a i r  tem p e ra tu re  was u se d  t o  in d ic a t e  th e  p o in t  a t  r 
w h ich  e q u i l ib r iu m  was a t t a in e d .  When, t h i s  p o in t  was rea ch ed  th e  .e x it ,  a i r  
tem p e ra tu re s  w ere  re c o rd e d  f o r  a  f u r t h e r  30 m in u tes , and  th e  a v e ra g e  v a lu e  
o v e r  th a t  p e r io d  t r a n s f e r r e d  t o  th e  R e su lt s  s h e e t .
(x v ) D u r in g  t h i s  tim e  th e  new e x i t  w a t e r  tem p eratu re  was m easured  a t  f i v e  m inute  
i n t e r v a l s ,  th e  a v e ra g e  v a lu e  b e in g  u se d .
( x v i )  T h e  m e r c u r y - i n - s t e e l  t h e r m o m e t e r s  w e r e  t h e n  re m o v e d  t o  t h o  l o w e r  c r a d l e
again* • ' *: • . ;y ; ,
The above p ro ced u re  was th en  re p e a te d . . I t  was fo u n d  t h a t  i t  was  
p o s s i b le  to  c a r r y  out th e  runs f o r  s i x  w a te r  r a t e s  a t  one a i r  r a t e  a n d 4 , , 
p ack ed  h e igh t , i n  one day* • T h is  was ad van tageous s in c e  i t  l im i t e d  th e  
e f f e c t ,  i f  an y , o f  a. change i n  in i e t ,  a i r  c o n d it io n s  fro m -d ay  to  day , t o  
one a s s o c ia t e d  w it h  a  change i n  a i r  r a t e *  Thus, f o r  a  p a r t i c u l a r  a i r - r a t e  
and  pack ed  h e ig h t ,  a l l  th e  runs w ere  c a r r i e d  out w it h  s u b s t a n t i a l l y  the -., 
same, i n l e t  a i r  c o n d it io n s .  :
• * . -  58 -  • ' .
B r i e f l y  th e  c y c le  o f  e v e n ts  t a k in g  p la c e  a f t e r  th e  ap p a ra tu s  has  
.warned up/.cari b e .su m m arised  a s  f o l l o w s : - '/ / ’ ' y ' . •
-  I n l e t  a i r  tem p eratu re  r e c o rd e d  f o r  30 m inutes
r  Therm om eters moved to  u p p e r  p o s i t i o n  an d  l e f t  t h e r e / fo r  30 m in u tes .
E x it  a i r  tem p e ra tu re  reco rd ed *
-  D u r in g  th e  l a t t e r  p e r io d ,  i p l e t  and e x i t  w a t e r  tem p e ra tu re s  n o ted  
e v e ry  5 m inutes* A v e rag e  v a lu e s  re c o rd e d  on R e s u lt s  s h e e t .
-  W a te r  r a t e  changed* : /  .' . ./■ ....;
-  Therm om eters, s t i l l  i n  u p p e r  c r a d le ,  in d ic a t e d  tim e a t  w h ich  new  
e q u i l ib r iu m  i s  a t t a in e d .  E x i t  a i r  tem p eratu re  th en  re c o rd e d  f o r  
30 m in u tes .
-  D u r in g  t h i s  tim e i n l e t  an d  e x i t  w a te r  tem p e ra tu re s  w ere n o ted  e v e ry  
5 m in u tes . A v e ra g e  v a lu e s  re c o rd e d  on R e s u lt s  sh ee t*
-  Therm om eters moved t o  lo w e r  p o s i t io n s .  I n l e t  tem p eratu re  re c o rd e d  
f o r  30 m inu tes* V  . ; - / . • , -
H a lf -w a y  th ro u g h  t h i s  l a s t  p e r io d ,  th e  w a te r  r a t e  was changed  a g a in  
and th e  c y c le  re p e a te d *  ; i • •
I n  t h i s  w ay th e  i n l e t  a i r  tem p eratu re  was m easured  b e f o r e  th e  f i r s t  
.run , betw een  th e  secon d  and t h i r d ,  betw een  th e  fo u r t h  arid' f i f t h ,  and a f t e r  
th e  s ix t h  and  l a s t  ru n . V a r i a t i o n  o f  i n l e t  a i r  c o n d it io n s  was fo u n d  to  b e  
v e r y  s l i g h t  d u r in g  a  run  and  i t  w a s ‘f e l t  t o  b e  j u s t i f i a b l e  t o  u se  an  
a v e ra g e  v a lu e  w here n e c e s s a ry .
E x p e r im enta l p ro ced u r e f o r  th e  secon d  s e t  o f  ex p e rim en ts  
/ • F o r  th e  secon d  s e t  o f  exp erim en ts  th e  e x p e r im en ta l: p ro ced u re  was ;.. < j
s l i g h t l y  d i f f e r e n t  fro m  th a t  l a i d  down above# A s o n ly  f o u r  w a te r  r a t e s  
w ere  u s e d  f o r  any  p a r t i c u l a r  a i r  r a t e  an d  packed  h e ig h t ,  o n ly  f o u r  e x p e r i ­
m ents w ere  c a r r i e d  out* i n  one day# T h is  a l lo w e d  much more tim e f o r  each  
experim ent#  I n  a l l  c a s e s ,  a t  l e a s t  20 m inutes w ere  a l lo w e d  f o r  the  system  
Y\ ■ t o  r e a c h  e q u i l ib r iu m  a f t e r  a  change: i n  w a te r  r a t o  ( a l l  o th e r  v a r i a b l e s  
rem a in in g  co n stan t d u r in g  a  d a y )• -
( i x  a ) A  con tin u ou s  r e c o r d  was k ep t th ro u gh o u t tho  day  o f  th e  o u t le t  w a te r
tem peratu re#  .. _ • y  ' • . - ; -Y/. ■■
( x  a ) I t  was fou n d  t h a t  th e  i n l e t  a i r  tem p eratu re  v a r i e d  o n ly  v e ry  s l i g h t l y  and  
th a t  one r e a d in g  e v e ry  30 m in u tes  gave s u f f i c i e n t  in fo rm a t io n . ..
( x i  a )  E x i t  a i r  r e a d in g s  w ere  ta k e n  e v b ry  5 m inutes f o r  a  p e r io d  o f  30 m in u tes .
T h ere  was a lw ay s  s l i g h t  v a r i a t i o n  i n  th e  e x i t  a i r  tem p e ra tu re  d u r in g  t h i s  
p e r io d ,  t h e r e fo r e ,  an  a v e ra g e  v a lu e  was tak en  and  r e c o rd e d  on th e  R e s u lt s  Y  
sheet#  . • \
( x i i  a ) The w a te r  r a t e  was th e n  changed# . . •;*.
( x i i i  a ) 30 m inutes w ere  a l lo w e d  f o r  th e  system  t o  re a ch  e q u i l ib r iu m , a f t e r  w h ich
th e  p ro c e s s  was rep eated #
I t  w i l l  be  n o t ic e d  t h a t  i n  t h i s  s e t  o f  exp erim en ts  no attem pt was made 
t o  c o n t r o l  th e  i n l e t  w a t e r  tem p e ratu re  t o  e x a c t ly  1 i0 °F #  T h is  a c c u ra te  
c o n t r o l  was f e l t  t o  b e  u n n e c e s sa ry  an d  i t ' w a s  fo u n d  t h a t  much l e s s  a d ju s t ­
ment i n  th e  h e a t in g  steam  q u a n t ity : was n e c e s s a ry  i f  th e  system  was o n ly  ./
ro u g h ly  c o n t r o l le d  i n  such a  way th a t  i t  fo u n d  i t s  own b a la n c e  p o in t  i n  th e  
ran ge  1 1 0 - 2°F#
S E C T IO N
T a b u la t e d .  R e s u l t s  -  F i r s t  s e t  o f  E x p e r i m e n t s  P a g e
( T a b l e s  1  -  25  )
T A B U L A T E D  R E S U L T S  
F I R S T  S E T  O F  E X P ER X M EN TS  
PACiCED, H E IG H T  s 4 f t  . 6  i n  .
** V :.’ - ' .. . -.• T A B L E  1  .
B X P E R IM T  WO A l ' AR '. A3 A4 , A5 ; A6 5 ■/
WATER ;RATE, 
( l b . / h r . f t  )
2250  .. 2000 1750
Y-V
JT
.
O O . 1250 1000
A IR  RATE. ■ .
' ( i b . / h r « f t  )
2250 2250 2250 2250 2250 2250
INLET • w . b . J 6 1 .7 5 62.0 61.8 62.0 62.0 61.8
AIR  ( ° F . T 7
TEMP. d . b . 7 7 9 .1 ■ 78.0 79 .1 80.0 80.5 81.0
EXIT • / w . b . v 93*3.. 93 *0 90.8 8 9 .5 8 S .5 82.6  •/■ ■
A IR  ( ° F . )  
TEMP. - d . b *  • it u H It . it u-
I N L E T "
WATER ( ° F . )
TEMP. '
110.0 1 1 0.0 110.0 110.0 110.0 110.0
EXIT
WATER : ( ° F . )
t e m p  ■ ■ • ■:
7 6 . 0 ' 75.3 72  .6 71.3 , 68.5 67* 4 -
HEAT LOST BY . 
WATER. -  ' 
( B . T . U . / h r . )
76 5OO; . 69400 85450 58050 51875 4 2 6 0 0 , ,
HEAT GAINED \ 
BY A IR  ’ 7- 
( B . T . U . / h r . \
79067 70334 63905 59061 ,50700 41046
DIFFERENCE. 2567 934 1545 1011 1175 1554
io ERROR IN  
HEAT BALANCE. +3 *2 5 + 1 .3 3 + 2 .4 2 - - 1 * 7 1 - 2.32 - 3 * 7 8
- 62-
T A B U L A T E D  R E S U L T S  
.F I R S T  S E T  O F .E X P E R IM E N T S  
P A C K E D  H E IG H T s  4  f t . -  6 i n .  
'• 7 . ' 7 ' -  T A B L E  2
EXPERIMENT B1 B 2 ; B3. B4 ; B5 . B6
WATER RATE 
• ( l b . / h r  o f t # )
2250 2000 1750 150 0 1250 1000
AIR  RATE
( l b . / h r * f t  )
2000 2000 2000 2000 2000 . 2000
INLET W .b ,5 6 4 * 0 64.0 6 4 . 5 65 .3 65.0  -
AIR ( ° F , r  
TEMPs : d . b . 7 7 .2 7 7 -5 7 8.2 7 7 9 .0 7 9 .0 79 .3  -
EXIT. W . b . - : 9 7 .5  •9 6 . ;0 94*0 9 2 .0 8 9 -3 86.4
A IR  ( ° F . T ~ ~
TEMP , d . b . n It;. it It ' ' it > »
IN LET  +  
-WATER ( ° F . )  ' 
.TEMP ... : ./
110.0 110.0 110.0 1 1 0 . 0 . 1.10 oO 110.0
E X I T ' . ' .  . 
WATER ( ° F . ) 
TEMP. .
.• • r .• -
7 8 .9 7 7 -0  . 75.5 75*1 72.3 68.7  *
HEAT LOST BY 
WATER
( B . T . U o / h r . )
69975 66000 ■60375 523 5G 4 7 125 41300
HEAT GAINED / 
BY A IR .  
( B . T . U . / h r . )
72715 68120 61399 53449 47011 40491
DIFFERENCE 7 2735 2120 1024 1099 114 809
$ ERROR IN  
HEAT BALANCE
- 3 . 7 6 -3 .1 1 - 1.67 - 2.06 40.24 + 2 . 0
* - 6 3 < «
F I R S T  S E T  OF  E X P E R IM E N T S  
PACICED H B X G H Ts 4 : f t .  6  i n .
TABLS 3
TABULATED RESULTS . i
E X P E R IM E N T  NO. C l .. C 2 ’ 03  • C4 C 5;
--- - i  ■■"
C 6 -
W ATER R A T E  _ • 
( IB . / h r o f t  )
'2 2 5 O 2 0 0 0 . 1 7 5 0  . 1 5 0 0 \ I 2 5 O 1 0 0 0
A I R  R A T E  
( l b . / h r . f t ^ )
1 7 . 5 0 1 7 5 0 I 7 5 O 1 7 5 0  - 1 7 5 0  . 1 7 5 0
IN L E T  Y / . b . 6 1 * 8 6 1 . 8 S 2 . 0 6 2 * 5 6 2 . 5 6 2 . 2
A I R  ( ° F  • )  
TEM Ps d . b . 73  #0 7 4 1 5 7 T O 76 . -0  / 76*0 7 6 . 8  -
E X I T  .. ■ ' w . b . 9 8 . 7 9 7 * 1 9 5 * 2 r9 2 * 5 9 0 . 0 8 6 . 0  ''
A I R  ( ° F . ) /  . 
T EM P s d . b . t« ti tl »* M - <* '
‘ IN L E T  
W ATER ( ° F  * )  
TEM Ps
1 1 0 . 0 ’’ 1 1 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1 0 . 0 1 1 0 . 0
, E X I T  . . . .  
W ATER ( ° F . )  
■TEM Ps '
8 0 . 2 7 8 . 6 7 6 . 2 7 5 * 5 7 1 , 6 7 0 . 5
H E A T  L O S T  B Y  
W ATER
( B . T . U o / h r . )
6 7 0 5 0 6 2 8 0 0 5 9 1 5 0 5 1 7 5 0 4 8 0 0 0 3 9 5 0 0
H E A T  G A IN E D  
B Y  A I R  o 
( B . T . U . / h r . )
6 9 8 6 3 6 5 2 0 6 6 0 3 2 0 5 2 5 7 2 4 6 6 7 0 3 8 2 1 3
D IF F E R E N C E  • 2 8 1 3 2 4 0 6 1 1 7 0 8 2 8 1 3 3 0 1 2 8 3
io ERR O R IN -  , -• • 
H E A T  B A L A N C E
- 4 / 0 3 - 3 . 6 9  ; 1 * 9 4 YU 57  , + 2 . 8 5 + 3 , 3 6
TABULATED RESULTS
F I R ST SET OF EXPERIMENTS
PACKED HEIGHT.8 .4'. f t . .  6 . i n s . .
TABLE. 4  -
EXPERIMENT NO ' D I •: D2 . D3 D4 ; ' v D5 , , D6
WATER RATE o 
( i b . / h r . f t • )/
2250 .2000 1750 1500 1250 1000
A IR  RATE ' 
( i b . / h r . f t - )
1500 1 5 0 0 1500 1 5 0 0 , 1 5 0 0 150 0  .
INLET  w . b . .60.0  . 6 0 . 5 , ' J ° j5 ■ G .0 61.5 6 1 .5
A IR  ( ° F )
TEMPs d . b . 7 6 .5 78.0 78 .7  /: 7 9 .0  Z; 80.0 QO.O
EXIT ’ . v > b .,- ' 10 0 .5 99 -3 9 6 .5  < 9 5 .5 92.0
A IR  ( ° F )  
■TEMPI d . b . H ti i» i 1 t1
INLET
WATER ( ° F  )  
temps
110.0 110.0 110.0 1 1 0 . 0 .'. 110.0 11 0 . 0  ,
EXIT,
WATER ( ° F )  
TEMP s
8 1.0 7 9 .2 78.4 7 5 .5  Z 73 .8 70.0
HEAT LOST BY  
WATER; ' 
( B . T . U . / h r . )
65250 6 1 6 0 0 55300 51750 4 5 2 5 0 4 0 0 0 0
HEAT GAINED : . 
BY A IR
( B . T . U . / h r . ) .
66082 6 2 6 7 5 . 56142 52916 44699 39726
DIFFERENCE 832
r >1.1 13
10 75 8 3 6 ." 1166 551 272  -■
$ ERROR IN  
HEAT BALANCE
-1 .2 6 -I.72 -1 .4 9 - 2.20 -1 .2 3 + 0.69
TABULATED RESULTS
FIR ST -SET OF EXPERIMMTS .
PACKED HEIGHTS ' 4 f t .  6 . i n s .
* *;* ■ ' ' TABLE 5 * ■
' ‘ ' ;  • ' "* 65 4-
EXPERIMENT NO E l E2 E3 134 , 73 • E6
WATER RATE
( l b . / h r . f t ^ )
2250 2000 1750 1 500 1250 . 1 0 0 0
A IR  RATE 
( l b . / h r . f t 2 )
I 250 I 25O 1250 . 1 2 5 0 9 ’ 1250 1250
INLET  . w . b . ...64 * 5. . 6 4 .5 64.2 64.2 6 4 .5
A IR  ( ° F )
TEMP.s ; d . b « 7 8 .5 7 9 .0 79*0 8 0 . 5 81.0 79 .7
EXIT .. w . b *  
AIR  ( ° F )
TEMPs d . b .
. 102.2 1 0 1.0 99 0 5 97 .6 : : .9,5*5... - ' 9 2 .5  •
it n , 11 It n tt
INLET  
WATER ( V  
TEMPs . v ■
110.0/ v . 110.0 1 x0.0 110.0 1 1 0 .1) 110.0
EXIT
WATER ( ° F )  
TEMP s
86.1 84.6 82.5 8 0 . 0 :. 77*0 74*6
HEAT LOST, BY
W A T E R ' '/ ’ ‘ I  
( B . T . U . / h r . )
753775 50800 48125 45 0 0 0 /41350 35400
HEAT’ GAINED . 
BY A I R ' . . 
( B . T . U . / h r . )
55069 51860 49000 45 0 9 0 4.1360 35425
DIFFERENCE 1294 .1060 875 90 10 25
fo ERROR TN ' 
HEAT BALANCE
- 2 * 3 5  
7._____ -J
- 2.04 - 1 . 7 9 - 0 . 2 0 - 0 . 0 2 v - O .05
......... . . .
TABULATED RESULTS 
FIR ST  SET OE EXPERIMENTS: 
'PACAED HEIGHTS 4 f t -  6 i n s .
■ TABLE' 6 '
00 ,m
EXPERIMENT NO P I P 2 F3 F4 ; F5 F6
WATER RATE • 
( l b . / h r .  f t * " )
2250 2000 .1750 1 500 1250 . 1000
A I R  RATE;: a ' . ' 
( l b . / h r . f t  )
1000 1 0 0 0 1000 . 1000 1 0 0 0  i ' 1000 , “ ■
INLET - •’ w . b . . 64  * 2 64*2 64.2 6 4 # 2 . ;64 .0
A IR  ( ° F )
TEMPs- •- d . b .  , 7 8 .0 7 9 ,0 79*5 8 1 . 0 81 *0 80*"5/
EXIT . w . b .  . 105*5 ,103 .8 103*5 1 0 1 .0 9 9 .5 9 6 . 8 .
A IR
TEMPs d . b . t t tt It tt t
INLET ■ • 
WATER ( ° F ' .
‘ TEMP ■
1 1 0 .0 1 1 0 .0 l i o / o 1 1 0 .0 1 1 0 .0
• V - * r ■ ’ 
1 1 0 . 0 .
EXIT
WATER (°F . )  
TEMPs •
8 8 .1 8 7 . 0 8 4 .O 8 3 . 0  . .79*5 • ,7 .6 . 0 ; ,
-HEAT LOST BY 
WATER.
( B . T . U . / h r ; )
,49275 4 6 0 0 0 45225 . 4 0 5 0 0 38125 3 4 0 0 0
HEAT .GAINED 
BY A IR  
( B . T . U . / h r . )
50307 4 6 8 2 5 46263 41267 38848 34873
•DIFFERENCE : 1032 8 2 5 938' 767 723 , 373 .
io ERROR . IN  HEAT 
BALANCE ;; ; - 2 . 0 5
- 1.76 *”2 .03 - 1.87 -1 .8 6 , - 2 .5 1
, >, *> ,,
P m
■■a- X >
+• ■ v .
: Z : -TABULATED RESULT S ~+ Z/- +  - ;
; . F IRST  SET - O F / fe P E R IM T S  +  5 
' PACKED HEIGHT:* W  2 f t .  3 i n . ;
/>••; V Z v '/ ’Y. fi 1 \ZfiY  V'- TABLE- 7.
H
i ■ - ■ /• ? ‘ ; -t _• v. % . ■ /■
;; fi'S ■ V.G2 7 fi.
j 
° 
’ j
fi ; G4 fi/; f i / G f Z >'■06.,;//
w a t e r ; h a t e  ?
v- ( l b . / h r ; f t -  )  fi
72250? 2OO0 :fifi 7 -7 5 0 # +1 5 0 0 ;- Zl/25Qv 1000
fi; AIR/RATE fi. Z + . -Z ;  
( i b . ; / h r . f t 2 )
,;?2250Z fi2250 fi+ <22:507 5-2250". fi.22565/77 7 “• /: 7‘ ■ 2250  ,
/•INLETV - : . w . b . 60,0  . >60.0 V T o . o - .6 0 . 0 / 60.0 6 0 . 0  ,
• f iA ±R . , ( °F )y  • VZy f i  
Z  TEMPs ; ./v d Z b Z •:7 1 v 5 Z ; 71* 5 7 2 / 2 Z + 7 2 .5  5 ;  72.2 , 72.0  ;
V E X E D . .:•> 7 ,  w . b ; :  
+  A IR  ( ° F )
7  TEMPs V fiV - > d . b .
9 1 . 0  v W + 5 + - ^ 8 . 2/; “¥ 676“”’ 84. 0 8 1 .5
11 •• ■ -.fi •fi’'fiM.fi fi;
V sO T L E T iZ Z / ; ;Z-fi : 
fi-fi$ATER+.(; F ); 7 7 ;  
ZJt M ps Z Z Z ; f iv :+>;/.
; 1 1 0 . 0 ,' fi l l O  . d j filiOyOfi f i i i o l a l i o . o
V ;■ >■{< . - •; > 
. 1 1 0.0
•ZW ATM : ( ? F )  f iZ Z  K
ZTiM P:s:Z ..Z ;;y5^ Z + r>
. 80.5 ;79 *0
'fi fi. ' Z Y •
■76.5,-fi fi73*5fi ; 7 .2 . Or v Z g f i o ' Z
ZH E A ®  LOST BY/V -
+  WATER:?/ 7 ' -fiv.fi fi/ 
:f i ' (BV.T.U6/ h r . )  : fiZ
62000 ,58625 ?54750 : 47500 i;;4 i o o o
.HE/LT ./GAINED ’ + + >
:fi BY A IR  - :Z. / >  
; ( B . T . U . / h r .  )  Zfiv
66426 62031 >58.6 8 9 . 553932. . 46857
’ fi *
V 4 b l 6 l ;
Z f i p ^ Y ^ z Z f i 3 1 . i :'5 3 # A ; :fi8l8/fifi M i l z | 3 # f i |
. ■ $  ERROR IN  ‘ V ;v  
v-HEAT/BALANCE-Z5/
- 0.1  fififi
• *, * ’ V, 4>Vr -. *■ * 
- 0 . 0 6 ,1, + 0 .9 2 : + 1 .5 2
•>. HZfiV*--
+1.31
;••'< W \ 7 '4
f i + 2 . 0 9 :
ii -c*
• 'i ' *-' • 4

„ TABULATED RESULTS 
FIH ST SET OF EXPERXMEITTS 
PACKED HEIGHTS '. 2 f t .  3 i n s .
TABLE 9
' EXPERIMENT NO, I I 12 '13 14 Y 15 16
WATER RATE . 
( l b . / h r . f t  )
2250 ..2000 1750 1 5 0 0 .1250 .1 0 0 0 ;
:A IR  RATE 9 
( l b . / h r . f t  )
1750 1750 1750 I 7 5O. > 1750 - 1750 .
INLET  ■ w . b . . 6 3 .2 63 .3 63 .3 63  ♦ 3 / 63 .3 63.3
A IR  ( ° F )
,TEMPs d . b . ' 76.0 7 6 . 0 ' ; 16.0 76.0 76.0 76.0
EXIT w . b . _ 9 4 .0 9 2 .6 9 1 . 8T o 9 «8 “ 7 *5 84. 0
A IR  ( ° F )
. TEMP.s d . b . . . .  .if '  •• n tt tt n ti
. INLET  
;WATER1. ( ° F } 
TEMPs
110.0 1 1 0 .0  . 1 1 0 .0 1 1 0 .0 110.0 1 1 0 .0
.EXIT
WATER ( ° F )  . 
.TEMP. ■-
8 5 . 2  ; 8 2 . 6 ' 82.1 79.8  . 77*8 75.6
■i
HEAT .LOST BY ’ 
.WATER
( B . T . U . / h r . )
55800 52300 4 8 8 2 5 4 5 3 0 0 40250 34400
HEAT GAINED  
BY AIR-. / 
(B .T f tJ ,  / h r , ) . -
54770
-i»v- r L*kiV* J” .U. ,
51358 : 49407 4 4 8 2 4 , 39769 32505
!»,(•> >•< *<A»*y»i- »* 1 1
DIFFERENCE 1030 1442 582 476 481 189 5
00 ERROR IN  
HEAT BALANCE
+ 1 .8 8 + 2 .8 1 - 1 ;  18 +1 .06 *+1.21 + 5.80
. * *
! ;;
F I R S T  S E T  O F E X P E R IM E N T S  
P A C K E D  H E IG H T S  2 f t .  ’ 3 i n . '
T A B L E  1 0
*. 70 ~
TABULATED RESULTS Y. .
E X P E R IM E N T  n o , <72 J3 J4 j.5 : J 6
W ATER R A T E  (l b . / h r . f t r ) 2250 2000 1750 1500 1 2 5 0  * 1 0 0 0  j
A I R  R A T E  p . 
( i b . / h f . f t  ) 7 .,1500 1 5 0 0•/ -
1500 1 50 0 150 0 15,00 -
IN L E T  w . b . . .6 7 .4 .67.4 67.4 ; 6 7 . 6* 67.6  ,
A I R  (°F)
.T E M P . ; d . l ) . 76.2 . 76.2  .. 76.2 8 0 . 0 8 0 . 0  • 8 0 . 5
E X I T  w . b . 96.5 95/3 93*9 Y 52T 3 90.0 ' TnS'1 n-f8 7 -7 ....1
A I R  ( ° P )
TEM P s d . b . t u t t t!
IN L E T  
W ATER ( F  
T EM P s
1 1 0.0 1 1 0.0 , 110.0 ,1 1 0 . 0 110.0 1 1 0 . 0
E X I T  . 
W A T E R  ( P )  
,,TEMPs
•89.1 87.4 86.0 8 3 .8 . 8 2 . 0 7 9 .9
H E A T  L O S T  B Y  
W ATER . 
( B . T . U . / h r . )
4 7 0 2 5 4 5 2 0 0 4 2 0 0 0 ,39300 35000 30100
•H E A T -G A IN E D ' .
B Y  A IR .
( B . T . U . / h r . )  / ‘ 4 8 2 4 2
'46646 42483 38991 34329 29152
D IF F E R E N C E  . 1217 1446 4 8 3 . 309 671 948
$, ER R O R  I N  
H E A T  B A L A N C E
- 2 .  52 - 3 . 1 0 -1 .1 4 + 0 .7 9
•
\0 u ■ > ‘-V. ■
+ 1 .9 5
I'-, .
+ 3 . 2 5 :
---- -
-  71 W
: TABULATED RESULTS /
F IR ST  SET OF EXPERIMENTS 
PACKED HEIGHTS 2 f t *  3 i n .
TABLE 11
EXPERIMENT NO. ICL y  ic2 K 3 : IC4 % IC5 K6.
WATER RATEp ■
( l b . / h r . f t - )
2250 2000 .1750 1 5 0 0 1250 1000
A IR  RATS , 
( l b . / h r . f t  )
1250 1 250 1250 .•1250 1250 125 0
. INLET n , w . b . 6 4 .O 6 5 0 6 6 .0 6 6 .0 , “67.0 6 1 . O’
A IR  ( F )
. TEMP-?' d . b . 7 4 *5 , 7 5 . 5 76 .3 .76.6 7 9 .5 7 9 .5
.EXIT . w . b . • 9S .0 9 6 .5 9 5 .0 ■ 9 3 . 3 9 2 .0 8 9 , 0
A IR  . . 
TEMPs / d . b . y , t t 11 * • ■ ■ i t i ' * tt  - . ' 'y; »  ■ n;
INLET  . . .  y 
WATER ( ° F ;  . , 
TEMP s
1 1 0 .0 110.C l i o . o 1 1 0 .0 1 1 0 .0 1 1 0 .0
e x i t ;
WATER ( F )  
TEMPs. ■■ Iy  V- .
90.2 . 89.4 87.5 8 5 . 5 8 3 .4 8 1 . 0
HEAT LOST BY 
WATER
( B . T . U . / h r . )  ;
4 4 550 . 41200 39375 3 6 7 5 0 3 3 2 5O 29000
HEAT GAINED  
BY A IR  • 7 • 
( B . T . U . / h r . )
- 4 5 9 9 0 4 1 7 2O 38401 35361 32249 37312.
• D I F F E R E N C E  ■ 1440 520 974 1389 1001 1688
io ERROR IN  /• 
HEAT BALANCE
—— - f t -------— .—
•-3 . 1 3 .
.
- I .  25  7 +2 .54
I*
+ 3.93
:
+ 3.10
*
+ 6 .1 8  _
TABULATED RESULTS
F I R S T  S E T  O F E X P E R IM E N T S  
P A C K E D  H E IG H T S  2  f t .  3  i n *
‘ • T A B L E  1 2 .
.. • 1 
EXPERIMENT NO LI L2 ■ L3 ’ L4 . L5 ' L 6
WATER R A T E ^ 2250 2000 1750 .1500 1250 1000
A IR  RATE ■ 
( l b . /hr®ft )
1 0 0 0 1000 1000 1 000 1000 : lOOO:
INLET  ■ Y w .b 6 4 . 0 •; 6 4 . 2. 6 5 . 0 “ 6579 65 .9 6 5 .9
ATP (
■TEMPOS ;!y d . b . 79^5 . 80. 0 81.0 82.1 8 -2.1 82.1
EXIT , w . b . 9 9 .2 9 9 .0 ^ . 0 96.5 9 4 .0 9 2 .5
A IR  y  (°F ) ,
TEMPs d . b . tt it tl tt n
, IN LE T  - . 
WATER ( J ) 
TEMP-s . , ,
1 1 0.0 110.0 1 1 0.0 n o ;c < 110.0 1 1 0 . c
‘ EXIT ; •
WATER (°F ).
'.temps'- '
92.7 91.5 8 9 . 7 ; 88.3 8 6 .0 82.5-
HEAT LOST BY 
” WATER
(BoToU® /hr.)
3 8 925 37000 3 5 5 2 5 3 2 550 30000 27500
HEAT GAINED •' 
BY A I R .
(i%T.:!U/hr.) Y
,38519 38137 36066 32951
i y
28951i *1
29231,
DIFFERENCE 433 . . 1.129 541 , 4 01 - y 1049 •269 V-
io ERROR IN  
HEAT BALANCE Y Y
4*1 e 12 - 2 .96
i
- 1 . 5 0 .  ,
i
- 1 ,2 2 + 3.62 
j-----
+ 0 .9 9
TABULATED RESULTS .: . .
: F IRST SET. OF EXPERIMENTS * - 
PACKED HEIGHT# I . f t .  1-J- i n s .
• ■ ..... . 7 7  7  , . ,;r  TABLE 13
. ; ■■■ >  7 3 ' ~.
EXPERIMENT NO# / M l . ■ M2 ' /• • ■■ 7m3 : - . M4 y . , M5 ' . M6 ...
; WATER RATE "  
. ( l b . / h r . f t  )
, 2 2 5 0 2000/7' I 75O 1500 125Q 1000
A IR  RATE . o: ; 
( l b . / h r . f t  ) .
•2250 2 2 5 0 , 2250  fa- 2250  /. 2250 2250
IN LE T '  / / w . b .  
A IR  ( F )  
T E M P . . • d . b .
7 £ o . 37 6 0 . 4 y ' 6 0 . 4 60.4 6 0 .7 6 1 .1  •,
72.8 7 3 »5  y *■ 14 » 5 74*5 75*0 75+5.,/
EXIT .  . m b . 88.2 8 5 .5 .* 8 5 .7  ■ 83. 9  ; 8 2 . 0 ; 7.9*9./.
A IR  ( ° F )  v/.b + 
TEMP. . /'• ■ d . b . • r. . ' /' »  • Y t» ti / /-■/" 'tt 78.7
. INLET
. '.WATER ( c . • 
/TEMP.
1 1 0 .0 1 1 0 . 0  ■ 1 1 0 .0 l i o . o ; ' 1 1 0 .0 1 1 0 .0
EXIT , V ' ' 
WATER ( y F )  :, 
TEMP.
.,84.1 8 2 .3 80.6 7 8 . 7 ' 76.0 7 4 *0
.HEAT.LOST BY.  
WATER
( B . T . U . / h r . )
58275 5 5 5 ° ° 51450 .46950 42500 3 6 0 0 0 '
.. HEAT -GAINED
.BY. A IR  . ' fa, 
( B o T . U . / h r o )  ■
57333 5 4 6 6 9 ; 50502 4 5 7 0 0 -/ 40880 , 32979/,
' DIFFERENCE - 942 831  c 948  / 1 2 5 0 1620 / 3021
ERROR IN  
■ 7HEAT BALANCE
1+ 1 . 64 + I .52 + 1 .8 8
! - .-•/'■•
+2.74/.. + 3 .9 611 '
I . .
+ 9*16
/ - I
F I R S T  S E T  OW BKP m iU m T S
P A C K E D  H E IG H T S  1  f t .  l f : i n .
T A B L E  1 4  :
- 74 ~
TABULATED R ESULTS
EXPERIMENT NO , - N1 . N2 N3 N4 N5 N6
WATER RATE„ /  
( l * b # / h r . f t  )
225C 225O 2250 2250 'La 2250 2250  /
A IR  RATE - 
( l b . / h r . f t 2 )
2000 ■'.2000 2000 >;2000 2000 2000  Y
.INLET w . b . y  62.2 • 6 2 . 5 .62,8 .62.8 62.8 62.8
A IR  ( ° F )
TEMP s - d . b # : 7 2 ,0 ; 7 2 .0 7 2 .0 7 2 .0 7 2 .5 7 2 .5
EXIT w . b . 8 9 .0 87.9 8 7 .3 8 5 . 0 / 8 3 .5 8 0 .3
A IR  ■
TEMP. d . b . . tt tt tt tt /tt tt ■'/
INLET
WATER •• ' (> ) , . .  
TEMPs.
1 1 0 ,0 110*0 1 1 0 .0 / 1 1 0 .0 1 1 0 , c 110.0*
EXIT
WATER ; (  F )  
TEMPs
8 8 .2 8 7.0 85.3 8 4 . 1 ' 81.4 79.0
HEAT. LOST BY : 
WATER
( B . T . U . / h r . )
49050 4 6 0 0 0 4 3 225 38850 35250 31000
HEAT GAINED ' 
BY A IR  . 
( B . T . U . / h r . )
50105 46846 45265 .39824 36551 29763
DIFFERENCE / 105 5 ,846 2040 974 13 0 1 : 1237  ■'*'
i  ERROR IN  • 
HEAT-BALANCE
“ 2 a l l - . - 1 . 8 1 " - 4.51 - 2 . 4 5
Li ------,—..
- 3 . 5 6 +4 .1 6  ■
TABULATED - RESULTS
P A C K E D  H EIG H T 'S. 1  f t .  i f  i n .
; TABLES 15
EXPERIMENT;'NO ; 01 02 : 03 - : 04 0 5 . ,06
WATER/ RATE/ j  
( l b . / h r . f t - )
2250 2000 V ; 1750 Y 1506  - ■ 7 2 5 0 1000 7
A IR  RATE • /,"••• 
( l b . / h r . f t  )
1750 •1 7 5 0 '• 1750 1750 1750 1750 '
IN LET  , w . b . :.s 6 4 * 0 64  . c u - "5 4 .0 a - 64*0 64.0 6 4 .0  •
A IR  ( ° P T  
TEMP. d . b . 7 3 .5 74 .1 76.0 76.0 76.0 7 6 .0
EXIT. - W . b .  • 90.0 8 9 . 3 8 8 . 0 8T.6‘ 8 4 . 0 82. 0
A IR  •’ ( F ) , ' • 
TEMP. -A .b .  ' . ■ it ;■ it ’ u ■ tt .8 4 . 5 82 ,5  *'
I N L E T . Q ‘ • 
WATER, ( F )  
TEMP. : '
110 , C 1 1 0 . 0 ,110 .0 1 1 0 .0 1 1 0 .0 1 1 0 .0
EXIT - ■ • \ ' 
WATER ( F )
tem p; . -' ' .. .
9 0 .5 89.8 87.0 85/3 8 2 , 5 V 8 0 .0
HEAT LOST .* 
■BY WATER 
’ (B .  T .U o / h r  o')
; 43675 4 0 4 0 0 ; 4 0 2 5 ° -37050 .334375 30000
HEAT .GAINED; 
BY A IR  '' /  Y" 
( B . T . U . / h r . )
44677 4 0 431 39883 ’ 36885 33551 2 7 5 0 2 '
DIFFERENCE • ; 8 0 2 31 367 1 6 5 . 824 2498
io  ERROR IN  
HEAT BALANCE
Y U  80
I
‘ '. " ' 1
- 0 . 1 0 + 0 . 9 2 , + 0 ,4 5 : + 2 .4 6 +9  * 1
FIRST SET OF EXPERIMENTS'
PACKED HEIGHTS. 1ft* lj in.
. TABLE 16
-76 -•
TABULATED RESULTS
EXPERIMENT NO. PI P2 B3 P4 P5 P6
WATER. RATE0 
(lb./hr.ft"-)
2250 2000 1750 1500 1250 1000
AIR: RATE ,• p 
(lb,/hr.ft )
1500 1500 1500 *1500 1500 1500
INLET, . w.b.• .. 64,*6 64.O ‘65*0 64*8 v 64.6
AIR (°F) 
■TEMPs . d.b. 76 .0 73*0 73*9 , 74*4 74*5 76 .0
EXIT \ W.b. ' 91*4 90.7” 89.7 88.7 8 6.5 '84.0 .
AIR (°F) 
TEMP. : V  d.b. * tt /• tt it tt n 11
INLET
WATER ( - F  ) 
TEMP. •'
110.0, 110.0 . 110 .0 110.0 110.0 110.0
EXIT - y  . 
WATER ( F) 
TEMP,
. 92.8 90.4 89.8 8 7 .5 84*8 8 1 .9 .
HEAT LOST 
BY WATER , . 
(B.T.U./hr*)
38700 39200 35350 .34250 31500 28100
HEAT GAINED:
" BY AIR 
(B.T.U./hr.)
39796: 39109 36104 ’■34360 30471 26546
DIFFERENCE* 1096 91 • 754 110 . 1029 1554
00 ERROR IN 
•HEAT, BALANCE
-2.75 +0 .23 -2..09,
! * .
-a. 32
■*
1 ■• :
+3 *38, +5 .8 5
-.77 -
FIRST SET OF EXPERIMENTS * ' ■i.wwt.M.nwmtw.., , ,  ww ■w.mi.wi •mmmmm ..« ■■■» . Mnim.r.  ^ ■ *}.
PACCT HEIGHTS “ lft. 1& in.
‘ 'T ' TABLE 17. 1 'v''' " - ' Y  /S.-
TABULATED RESULTS , • •
EXPERIMENT NO. Q1 Q2 . . Q4 y 03 : b . 0,6
WATER . RATEp! ' . 
(lb./hr.ft )
-.2250 .2 0 0 0 fi ,1750 I.500 1250' 1000 .
AIR RATE p 
(lb./hr.ft )
1250 1250 I25O 1250 1250 1250
INLET • w.b. • §7.2 §8.6" §8 .2 §8 ,2 6 8 .1 '68.6 _
AIR (°F)
TEMP. d.b. 75/0. . 7 6 .0 ; 7 6 .6 7 6 .6  . 7 6* 6 7 6 .6
EXIT _ W.b. 93 * 5 92,3 9 1 ,8 9 0 .1 89. i 87.5
AIR ( F)
TEMP® V Y d.b. ' - v 94.0 93 oO . tt. ,’D V. 1 ‘Y  tt v 11 -
INLET
WATER (°FV 
TEMP.''."
1 1 0 .0 11,0.0 .1 1 0 ,0 110,0 110.0 110.0
EXIT 0 
WATER ( F) 
TEMP.
95.2 94*0 >92.7 i 91*4 . 89.7- 86.2 ;
HEAT LOST BY . 
WATER > 
(B.T.U./hr.)
33300 32000 30275 27900 25375 2 3 8 0 0.
HEATGAINED. 
BY.AIR 
(BoT.tr, /hr.)
3 4115 31420 30552 27875 26204 24169
DIFFERENCE 815 580 217 2.5 .825 369
i  ERROR .IN 
HEAT BALANCE
-2.39
: 1
+1 ,8.5 rP.94-. +0 .0 9 .“3.15 -1.53
TABULATED RESULTS.
FIRST SET OF EXPERIMENTS . ,
nw w mm iinur 1 MWM11
PACKED.HEIGHT8 lft. if in.
TABLE 18
EXPERIMENT NO. HI . R 2- 1 R3 ’ R4‘ R5 R6
WATER RATEp 
. (lb./hr.ft ')
2250 2000 . 1750 1500 1250 • 1000
AIR RATE p 
(LB./hr.ft )
1000 1000 1000 . .1000 1000 • 1000
- INLET - w.b. .67 + 2 67.2: 6 7.2 . 757, 2 67*5- ■§7*5.4
.'AIR (°F)
TEMP. dob. 76,0 76.0 76 ,0 76,4 76 ,6 76 ,8
■ EXIT faW.b. 9 5 T T i 95*5 94*0 •92.7 91.7 89*3
AIH (°F) .... . . 
/; TEMP. • d.b. 96.0 tt . H tt ■ tt tt
INLET 
'WATER (°F) 
TEMP.’ '
1 1 0 .0 1 10 .0 110 ,0 1 1 0 .0 110 ,0 1 1 0 .0
. EXIT 
WATER (°F) 
TEMP.
96.9 95*3 93*8 92.8 91*3 88.5 .
HEAT .LOST BY 
WATER* i /.
4 (B.T.U./hr.)
29475 29400 28350 ,25800 -23375 ’ 21500
HEAT GAINED . 
‘ BY AIR " 
(B.T.U./hr.)
,30470 31543 29032 * 26322 24296 21582
DIFFERENCE 995 1143 .682 522
• / 
921 82
a/o ERROR IN 
“‘HEAT BALANCE
- -
-•3.2/
• * .
-3.62 -2*35 “1*98. “3.79 ;
!. ■ "
-0.37
TABULATED RESULTS 
FIRST SET OF EXPERIMENTS'
■ PACKED I-IEIGHTs 6f in.
' ' ”• TABLE 19
EXPERIMENT NO. SI S2 S3 . S4 ' S5 S6 '
WATER RATE 
(lb./hr.ft )
2250 2000 1750 1500 1250 1 lOOO:
AIR RATE ~ 
(lb./hr.ft )
2250.. 2250 2250 2250 2250 2250
INLET . . w.b. . 64.7 64.5 64ZT~ 64.3 64.0 63.5
AIR (°F) 
TEMP. d.b. 7 0.0 , 70*4 70 .8 71.0 72 .0 7 2 .5 :
EXIT o w.b. 85.8 84.5 8 3 .6 82.0 80.0 77*9
AIR ( F)
TEMP, d.b. ; 11 It tt
■
t
•
80,5 79.3 :
INLET • 
WATER (V-. 
TEMP.
.110.0 110.0 110.0 110.0 110,0 110.0
EXIT ■ ■ 
WATER (°F) 
TEMP.
91.2 90.1 88.0 86.3 .
, V-
84.4 8 1 .0
HEAT LOST.
BY WATER . 
(B.T.U./hr.)
423OO 39800 38500 35550 32000 29000 ■
HEAT GAINED 
BY AIR 
(B.ToU./hr.)
43794 409.54 38894 34719 30689 26957
DIFFERENCE 1494 1154 394 833. 1311 2043 fi
$ ERROR IN 
HEAT BALANCE
-3.41 -2.82 ->•1.01 +2.38
•
+4*27 +7*58
TABULATED RESULTS . : ::.
/ FIRST SET' OF EXPERIMENTS" n-iy.«»t><-<uiiau«c-cwi-,Wtr ttmArrwt iT tiiri .fcitr. .r.-m
PACKED HEIGHT. 6f in
TABLE 20 ‘
ESPESIMEUT WO
5
T1 '•»••.' T2
/
I
I-'
- 
1
T4 : T5-; v
1 
j
K
o 
i
} 
■ 
E
h
? 
__ 
- 
J
• WATER' RATE v. 
(lbo/hr .ft ) • ■
; 22(50 2000 1750 ■ 1500 1250 1000
.AIR RATS • p  
(lb./hr.ft )
2000 2000. 2000 2000 2000 2000
.INLET G W.b. 60.2 ~o0. 2 SoTsT" 56.4 6674 "So. 6
AIR .. ( F) - .  
TEMP./ ■' , cl.b; 71*3 71*3 - 71*5 - 72*0 ..71*5 / 72.8
EXIT • w.b. 84*3 83 • 6~ 827T  *TTi.o*”^ -79*3 7S/7
AIR (°F) - '/ 
‘ TEMP. ■ ' d.b. it .83*9 83*2 ■ 8 2 .5 8 1 .0 79.7
INLET - :• 
.WALTER (i-)y ■ 
'TEMP.
110. G ;iio,c / 110.0 ■ 1 1 0. c 110.0 1 1 0. c
EXIT , • ;  • -•/. 
.WATER (°F> .. ' 
TEMP;'
92.0 90; 3 88 .3 87*0 . '84*8. 8 3 .0
HEAT LOST BY . 
WATER" ' 
(B.T.U./hr.)
4050C 3940C \ 37975 34500 31500 2700c
HiEAT GAINED. '  
..BY AIR 
(B.T.U./hr.)
41496 40227 38136 35517 .30852 2507s
DIFFERENCE 996 827 161 1017 • 648 1921
J'oERROR IN \ 
HEAT. BALANCE ,
-2.4O . -2.06 - 0.42 -2-. 86 +2.10 +7.66
TABULATED RESULTS '•
FIRST.-SET OF EXPERIMENTS 
PACIIED HEIGHTS 6f ins.
TABLE 21
. EXPERIMENT NO. U1 . 7  U 2 U3 . U4 7 U5.; U<S ■ ,
WATER. RATEp.. ? 
(LBo/hr.ft )
2250 . 2000 ,1750 1 5 0 0 .1 2 5 0 1 0 0 0 '
AIR RATS ■ • 
(lb,/hr,ft )
1750 1750 1750 . 1750" 1750 1 750
INLET . . Wob. 59.5 6 0 ,0  . 60.0 6 o v T 6i. 0 6T.o
AIR (°F) . . 
TEMP, d.b./ 70.0 71.-0 71.0 '71.0 71.3 71.3
EXIT W.b. 64.9 ■84.5 83.8 82.5 - 8o.ir 79.2
AIR ( E)
TEMP, 7  - d.b. n 11 • . 84 .2 83.8 8 2 .0 . 86.4
INLET . 
•WATER# I ). 
TEMP.
110.0 110 iO 110.0 110 .;0..,110*C 110,0
EXIT •
WATER ( ° F )  ' ■ 
TEMP. 7
9 3 .6 V92.ii.fi 9 0 .2 ' ,88,0 86,8 v83>5
HEAT. LOST BY , 
WATER - 
(BoT.U./hr.)
.36 90 0 35800 34650 33000 29000 26500
HEAT GAINED 
BY. AIR 
(B.T.U./hr.)
38466 37005 3 5666 3 3 3 4 0; 29082 2 6 1 8 0.
DIFFERENCE ■
■ fi r‘ r - ■ /
1566
;
1205 . 1016 340 82 : 320
1 .> * *
.$ ERROR ,IN : 
HEAT BALANCE
, ,i 
4.O7 7 -3 .2 6  ~
-
2.85; -
'
1.02 ~
•
0 ,2 8  +
■ > |
■1,22' r’
•** 0 2  —
FIRST SET OF EXPERIMENTS 
PACKED HEIGHTS 6f. ins.
’ : IABLE 22o
TABULATED RESULTS .
EXPERIMENT NO. VI ; V 2 V3 V4 . : V5 . V6 ,y
WATER RATE . 
(lb./hr.ft )
2250 V 2000‘ 1750 1500 1250 1000
AIR RATE 9 
(lb./hr.ft )
I5OO 1500 1500 1500 1500 1560
INLET ft-* • Y- w.b. .3 9 0 9 59/9 Y[“59791 59.9 - 59.9
AIR (°F)
TEMP® , Y d.b. 7 2 .0 V: 72*0 7 2 .2 72 .4 72.4 72.4
EXIT d . w.b. 85.9 84.3 84.0 82.5 .80.8 79.0.
AIR ( F)
TEMP.' , d.b# 8 6 ,4 8 5, 4 8 5 .0 84,0 82,8
<
81.3.
INLET' , ' - ' 
WATER (°Fy 
TEfP ■
1 1 0 .0 1 10 .0 110 .0 1 1 0 .0 110 .0 110. C
EXIT "• - 
WATER ( F) . 
TEMO. v ■ • • A
95-3 94.3 92.9 9 1.2 8 8 .7 8 6 . 9
HEAT LOST BY 
WATER
(B.T.U»/hr,)
33075 31400 29925 28200 26625, 23100
HEAT GAINED 
BY AIR • ' 
(B.T.U./hr.)
33808 31580 30052 28739 27087 21829.
DIFFERENCE. 733 18.0 127 531 460 1271
io ERROR IN 
HEAT BALANCE.
"2,17 -0.57 -O’. 4 2 -I .8 7 -1 ,7 6 +5.82
■: TABULATED RESULTS ' ’
FIRST SET OF. EXPERIMENTS 
•: . ; PACKED HEIGHTS 6f ins.
* V * : TABLE 23
, ; . /, V . .-,85 -
EXPERIMENT' NO; .wi- ' : W2 / W3 W4 •W5. Y. W6 .
WATER RATEp ' 
(lb./hr.ft )
2 25O. Y 2000; 1750 1500 1250 . 100.0 .
AIR RATE 
(lb./hr.ft )
1 2 5 0 - -1 2 5 0 . :1250 1250 1 2 5 0 . I250 / !
■INLET.- Y  w.b. §2 ,0 “y T27cT • §2 .2  * 1>2.4y 6 2 .4 v^2.4
AIR (°F) - 
TEMP. '. Y d.b. V 71+0 . 7 1 .0 71.2 71.4 : 7 1 .4 ■:.71.5
EXIT - 6 w.b. §8.6 8 6 .7 85.9 84.9 W 81.7
AIR ( F) Y 
.TEMPo d.b. tt , • t» , 86.2 85 .9 • 8 4 .6 8 3 .2 /
INLET . ., Y 
WATER ( Y) Y 
.TEMP. . \ ' Y •
110.0 110.0 110.0 110.0 1 1 0 .0 110.0
EXIT
WATER (°F)
TEMP. ■ - - YY Y; Y;
; 97,5 9 6 .4 9 5.3; 93.9 91.7 8 9.3 .
HEAT LOST BY 
WATER, ■ Y 
(B.T.U./hr.)
28125 27200 25725 24150 22875 20700
HEAT .GAINED • ■ 
BY AIR . 
(B.T.U./hr. )V
.29822 27881 26864 24823 23197 .20602
DIFFERENCE : 697 ' 681 :v 1139 v • 673 322: 98 .
i  ERROR IN '• 
HEAT BALANCE
— 2 , 54 .» •^T- 
|
•"A • • 
' J
CM 
I
-4.2 4
v
-2 .7 1 “1.39 +0 .4 8
. . TABULATED RESULTS ■ ..
FIRST,SET OF EXPERIMENTS 
PACKED. HEIGHT. 6f ins..
TABLE 24
EXPERIMENT NO. XI X2 X3 X4 X 5 X6
WATER RATE p 
(lb./hr. f t )
2250 2000 1750 . 1500 1250 1000.,
AIR:RATE Z • 
(lb./hr.ft7  1
1000 1000 1000 1000 1000 1000
INLET w.b. 62.0 “62.0 6 3.0 . 63.4 6 3.4
AIR (°F) 7. 
TEMP. ' d.b. 72.0 72.0 73.6 73-5 74.0 7 4.0:.
EXIT • Z . w.b. 90.0 ;^ 897o *' 88.0 85.6 6 3.4
AIR ( F) 
v 0?EMP.Z / d.b. ti it n 87.2 86.3 74.0
INLET . .
; WATER ( ° f ) *  ' 
TEMP*
lio.o 110.0 110.0 110.0 110.0 1 1 0. c
EXIT 
■ WATER ( F). 
TEMP.
99.0 98.0 . 97-0 96.0 94.2 . 9 1.6
HEAT LOST BY 
WATER
(B.T.U./hr,)
24750 24000 22750 21000 19850. 1840c
HEAT GAINED
/•‘b y ;AIR ■' 
(B.T.U./hr.)
26267 25042 .23552 21782 19242 1840c
'DIFFERENCE 1519 1042 800 782 604 . 368
. io ERROR IN 
PIT' BALANCE -5*76’" ~4ol6 -3 .4 0 -3.59 -3.14 -1.96
■ Eir st-Sat of> Experiments '■ ■?' ■ 'ii -i,     m tn ■ ■imm.Awfc....... ,
fa . . • /  • fay/ ■, •; * VAy ' . TABLE §425 A'faA A: - ' • /■* ■' \ A* '
, Uncorrected: fo r End E ffects ; . .. ‘ . , y .. .
TABULATES RESULTS s DERIVED RESULTS -• - -  85 ~
Experiment No* D4; • ■ Qi ; : ' • A- 11 . A.J4 / •P4 \ • A/ A .
• 7 Packed Height . 4 ft.6 in » 2 ft.3 .in • 1 2 ft.3in. 2ft.3 in. / I ft . l^in.
Enthalpy 
Inlet Air 19*33 / 18.61 21,02 23.93 22.17
Enthalpy 
' (Exit Air / 55.95 49*67 i ; 54.11 ;y 51.55 46.60 - y,.A
Dry Air. Rate .1489 y 2231 1733 1483: A 1483
Average: 
’Humid Heat 0.2561 0.2491 • o. 2502 •• 0.2493 ' 0.2482AA:
-
faTie-Line 
j Slope Mickley Miclcley ..Mickley -1.6 . - 0 .71
\ No.Transfer 
Units Method Method . Method fa: 2.504 -2,752 A
k^a Does not Does not Does not1 56.9
j .. - rnf._r fa 127.5-A .A'
•' hia • ; Work Work Work A5 i 2640 264I V
kfla ■A— — --M.--- - - ' ~ -- "7/ 411> 9I8 " J
Experiment No. vi - . ?2 . ,: V3 V4 . / fa fa V5fa -faA’.
Packet Height in. 6-f-in. 6f- in. 6f- in. 6f- in.
Enthalpy 
Inlet Air . 1 8 .6 3 18.63 1 8.5 4, 18.4-7 ; =18*47
Enthalpy •. • 
Exit Air . 42.69 4I.O7 - -4 0 .6 0 38.87- -y 37.00 fa;
Dry Air Rate- 1488 1488 1488 1488 1488
■A Average 
Humid Heat. 0.2470 0.2468: 0 .2 4 6 6 O..2464, 0.2460
Tie-Line Slope ,A-1.00 -1.50 ■! -1.25 -1.33• fa-1,56
No .Transfer Hails 1.607 1.285 1.320 1.182 .1 .0 4 8 AA
k&a 152.3 • 121.8 y . 125,. 1 112.0 101,5
•’ hja : 4415 a 5298 4534 / ■4331 . 4414
hoa' - ... ‘
: 1091 ;
■
fa: 
■ 
A. 
j
CO -3 ro j 8941 . ' 800 y
•
724 A ‘'* -fa J
SECTION 8
Discussion of the First Set.of Results
• • F irst Set  o f Experiments , •
As has been stated in  an ea r lie r  section, the original intention of 
. the present work was to carry out water cooling runs fo r  a wide range o f . . 
water rate, a ir  rate and packed height. I t  was .proposed to analyse the ' .
data obtained by MiclcLey’ s (31) graphical method fo r  the estimation o f the 
film  rate coeffic ien ts* The data was accordingly obtained, but. a certain 
amount o f d if f ic u lty  .was experienced in applying the method to the vast \ y ■, 
majority of. the runs, ■ + ■ ; .. , •• ■ ; + ;
For a particu lar set o f operating conditions the change in condition 
; o f the a ir  as i t  passes through the packing can be represented graphically ?
by a curve which may be superimposed, on. the, operating diagram (see figure q )
Experimental data provide su ffic ien t information to locate the extreme ends 
o f th is curve on the /diagram* In  the Mickley analysis, a value fo r  the t ie  
lin e  slope is  taken, assumed constant over the packed height, and the condi**. 
tion  curve constructed in  the manner already described. The t ie  lin e  slope 
is  adjusted u n til the const m et ion gives the enthalpy o f the outlet a ir  
identica l with that measured in practice* \ ...
This method has a number of serious disadvantages which have made them-, 
selves apparent in  th is work and which markedly reduce its  range o f useful 
app licab ility* ’
(D  The locus o f the gas condition is  dependent on the method of 
selecting the increments. In the present work increments o f 1.0 RT(j/hr
-  86 - •
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were taken in each case. Use o f a larger increment would have resulted in  
a larger value fo r  the t ie - l in e  slope than was actually obtained: conversely 
a smaller increment would have resulted in a s ligh tly  smaller value.
C learly the smaller the increments the. more accurate w il l  be the 'f in a l Y 
result. The selection in the present work was largely.;a practica l one,
The increments were taken as small as was reasonable, th e ir magnitude being 
primarily dictated by the scale :o f tho graphs, Vexy great care was necessary 
in the construction o f the condition curve as the slightest deviation from 
the t  /e- lin e  resulted in error especially where long cooling ranges were . 
used. In such cases the construction was often fa ir ly  lengthy, extending " 
over, up to th ir ty  increments* I t  was (noticed that- in  cases; were the out- U  
le t  water temperature was less than the in le t a ir  temperature a curve such ; 
as is  shown in figure 6 was obtained. I t 'w i l l  be seen that the condition 
curve ; changes .direction very, sharply over the f i r s t  few increments and there­
a fter, only slowly. I t  so happened that a l l  such cases experienced in  this 
work could not be analysed by Mic3dLey! s method fo r  a d ifferen t reason which 
w il l  be discussed la te r , but i t  I s  clear that great care would have had to
have been taken to select an increment su ffic ien tly  small fo r  the-final; '' Y
result not to be in error, . The, d ifferen t curves obtained fo r  d ifferen t 
increments are shown in figure 7 . .
(2) Small errors in the measurement of the outlet a ir  condition can
result in  large variation in  the t ie - lin e  slope. This source o f error can Y
only be minimised by careful use of accurate equipment. I t  w i l l  be seen 
from the set o f results fo r  which the calculations are completed that there
is some .Irregularity ..in the values, no trends being immediately apparent* . G 
Whilst it is obvious that no definite conclusion can be drawn from such a A 
small sample it. is felt that inaccurate outlet air data contribute, in part9 
to the inconsistency of the results, , *■ /■>
(3) The most important disadvantage of Mickley’s method is that it 
cannot ordinarily be used for any case where the exit air is saturated*
If the gas becomes saturated at any point in the tower it is almost certain■;
to leave saturated* . ' A
Although it is considered that the exit air condition was not measured
with .sufficient accuracy and little value can be attached to the bulk of
the results, the experimental data doos show that humidification of the airy 
is virtually completed within the first 1 2 - 1 8  inches of the packing.,; . This 
is interesting as it means that, after this relatively, short distance heat ; 
and mass transfer takes place from water to a highly. saturated, if not 
completely saturated, air stream. It is thought to be highly probable that, 
for, packed heights of 4ft 6in & 2ft 3in, the air will become completely /.
. • A 7 * *, . • i ■ - • A. - yTT
saturated well before the top of the packing. If this is the case what
happens to the air after the point of saturation is reached?' * - fa A
Despite the fact that the air is saturated, fa enthalpy transfer will _ " -
continue as long as tho water temperature is greater than the .bulk air
temperature. In normal Cooling Tower work, therefore, such transfer 
continues until>the air leaves the top of the packing* It is clear that fa 
the condition curve will touch the equilibrium saturation curve at the 
point at which saturation occurs; The problem is what course the condition 
curve, takes/ thereafter, ' ‘-fa;'
— • 88 v
‘.Construction of the condition curve-by the Mickley method indicates 
that the air becomes supersaturated* It. is possible that the rate of 
enthalpy transfer will bo great enough: to raise the air enthalpy above, the 
corresponding saturation, enthalpy. This will be accompanied by an increase 
in the water content of the air to a value greater , than that corresponding 
to saturation. Thus, on the Micldey. diagram, the condition curve will 
actually cross the equilibrium curve at the point of saturation* There , is 
a certain amount of evidence both from the present work (see later)’ and in 
the literature (31) (53) to support the suggestion that a "fog” is formed 
inside the packing. There appears to be little doubt that the air contains 
more water than is required to saturate it, the excess manifesting itself . 
as small liquid water droplets. It must be supposed, that the quantity, of 
"fog" increases as the air becomes apparently more "supersaturated". It is 
difficult to visualise the "processes of heat and mass transfer under such 
conditions, but it is. highly probable that the customary equations used to 
describe the exchange no longer hold. In this case the Micldey method it­
self is invalid and therefore the extension of the condition curve beyond 
the point • of saturation likeyd.se so. ■ .-+ - + • ? • .
Another possibility is that after it touches, the saturation curve, 
the condition curve changes direction and thereafter coincides with the 
saturation curve* However, there is no doubt that , small water particles 
exist in the air stream in the. form of a fog, but whether these are con-: 
densation droplets or just very fine carry-over particles which would be 
completely-vapourised in a less humid air stream is. left to conjecture'. -
Here again, owing to the fineness o f the water droplets the evidence, is  in 
favour o f the presence of "fog". There w ill always be a certain amount o f 
carry over, and i f  "fog" i f ' formed as well i t  w il l  be impossible to 
distinguish liqu id  water present from; one source from that presentfrom  the 
other. The fact remains, however, that the bulk o f the a ir  stream, as well 
as being saturated contains liqu id  Y\rater partic les, the presence o f which :; 
invalidates the commonly used rate equations, y , /
Evidence of "fog^- formation obtained in the present work is  father 
s l ig h t , ' ' Apart from v is ib le  signs of fog ‘ihombdiately...above the top o f the 
packing there was l i t t l e  other direct evidence. I t  was. not possible to 
detect with any certainty tho presence - o f such fog within the packing. ’ In 
an attempt. to check the wet and dry bulb therrnometer readings, . the eom-r; 
position o f the. ex it a ir  was-determined by chemical absorption. A sample, 
o f the a ir , taken from the chimney above the entrainment eliminators 
;v^s/drawn over a Movm weight o f magnesium perchlorate,: the increase inw 
weight being noted,; This was repeated fo r  various a ir  conditions,, : The 
results obtained were useless fo r  the purpose fo r  which they wove intended 
as the general tendency Was fo r  the a ir  to; contain s ligh tly  more water than 
was necessary fo r  complete saturation,at the ambient temperature in  they 
chimney. The suction tube leading from the sampling point in the chimney 
to. the U-tube containing the absorbent was heated by a tape . heater to a 
temperature well above that o f the surrounds to prevent condensation in the 
lin e . This would have the e ffe c t o f vapourising any small water droplets 
( "fog" or residual Carry over) drawn into the system and" could account fo r  
the high water .Content o f .the sample,. / A /
■*» .92 ««,
It is unfortunate that no samples wore withdrawn from within the 
packing.'as information' derived from such work would have been extremely : •/" 
interesting and might have given, further indications as to the presence . y - 
of "fog" within the packing or otherwise. t.
, It was. possible to analyse all the data for the 6fin packed height . ■ 
as. the outlet air temperature was generally unsaturated. It was found that,, 
in the eases where the exit air was saturated the. tie. line' slope increasedy ; 
markedly with packed height, until, for the highest packed height, the •
method would.hot give a result, even with an infinite tie line slope, 
i.e. vertical tie-line® ' • . • V. ’• V  . . ■ ‘
In view, of the fact that vexy few of the data could.be used, r -0  '
resulting in a totally Inadequate coverage of the .range' of the variables, it 
was decided to :carry out a repeat set of experiments at much lower packed / 
heights#''. This v/as done primarily to ensure that the outlet air was 
unsaturated, enabling the use of the Mickley method, and it was hoped that) ‘ ' 
a certain .amount of information would be obtained on the rate at which ' R- • 
humidification takes place in the lower part!of the packing. ... -
.' The method of.calculation of the results was the same for all runs, 
both in the first and second sets. A sample calculation will be traced ! 
through in detail to demonstrate the method of analysis clearly. > .
SECTION 9
Tabulated Results - Second Set of Results 
Experimental Results - Tables 26 -49 
Derived. Results - Tsbles 50 - 55
' 'Page
SECTION 3. TABULATED RESULTS ' ~ . - 93 -
Second Set of Experiments 
;>;■ PACKED HEIGHTS ' I in. 1 /  TABLE V  26
EXPERIMENT NO, / AAX - 7 AA2 /  AA3 ' . AA4. , ~
WATER RATE '
(lb,/hroft2) . . 7  - 2000 ... 149O 1260
V
1000 V;
AIR. RATE
(lbo/hr <i;ft ) . .. ..fi 1680 . 1680 1680
i
168Q ; •:
INLET
AIR(°F) W.b. 69.4 69.4 • 70.0 70.0 .
TEMP. •do bo 76.8 76.8 76.8 76.8
EXIT - 
AIR(°P) . ' 91. 8 89.4 . 88.0 85.85 .
TEMP. . . .dob. :  91.8 89.6 88.3 86.5
INLET WATER 
TEMP (  F) 110.0 110.7 111 .0 . 110.8
EXIT WATER 
TEMP. (°F)
_____________2P . - . 5 . ..... . . . 87.7 ■ 86.7 5 84.2 '
HEAT LOST BY 
WATER
(BoToU/hr.)  : +  •
39000 / ;  34270 30618 26600,
HEAT GAINED' 
BY AIR
(BoT.Uo/hro)
39171 . 34019. ; 30289 26O57 >
DIFFERENCE 1 7 1 ; ••;. 252 ; 329 / , 543 ... *
$ ERROR IN 
HEAT BALANCE -0.42 , +0 .74 7 +1.0 9 +2.08 ;
ENTHALPY INLET / 
AIR . 25.92 ■ U 25.9 2 . : 26.43 . 26.43
ENTHALPY , 
EXIT/AIR 50.76 ... 47.44 45.58 . 42.97
DRY AIR RATE 3.657 . ' 1657 ■>1656 I656
AVERAGE 
HUMID HEAT ■ 0.2506 ■" 0.2500 O .2497 /  0.2 4 9 3 :
TIE-LINE
slope : -1.70 > -1.58 -1.5 0 . -1.40
NO •-TRANSFER 
UNITS * * 7 1.83
i —  ....... ■
1.636
t * 1 .5 2 . ■ : 1.421
. ** Incorrect ed. for End Effects
PACKED HEIGHT; 1 ft. 1# in. V • ■ TABLE t 27
TABULATED RESULTS y <. 94 -  .
Second Set of Experiments .
EXPERIMENT HO. BB1 BB2 BB3 BB4 ' ; ' ' ' , .
WATER RATE-- 
.(lb./hr.ft2) 2000 .1500 1260 1000
AIR RATE , 
(lb./hr.ft ) 1260 .1260 1260 1260 -
INLET W Y  
AIR (9P) W ’b " 71 .8 71.8 71 .2 70; 5 ; :' / .
TEMP d.b. 79-7 79-3 78.3 7 7 .4 v ' y y
EXIT - .b 
ATR (OF) —  - 93.8 92.O 90.1 88.35
TEMP. ; • " : b.b. '' 93.9 92.1 - 90.3 . 88.7 y  "
INLET WATER ‘ ‘ 
TEMP (°F) fa A: 109.6 . . 110.0 110.0 ’ 110.5 //:
■ EXIT WATER' ’ • 
TEMP. (°F), 93.9 ____ 2.1.5...., _J0-3 . 88.6
PIE AT LOST BY . 
WATER . 
(B.T.U./hr.)
■ .. . 31400 , 27750 ' 24822 : : 21900 .: ■ v
HEAT GAINED 
BY AIR: A  
(B.T.U./hr.)
30344 " 2726O;. ''24837: ; 22725 -fa--
DIFFERENCE. 1056 490 / 15 - : 825 - ■ . /'
fo ERROR IN 
HEAT BALANCE +3 • 48 +1..80 -0.04 : -3.63 .
ENTHALPY INLET
AIR ■ yy.- . ' A 28.03 28.01 .- 27.44 26.90 • ■' . Y/
ENTPIALPY 
EXIT AIR; -fay , 53.79 . 51.11 ; 48.41 46*05 fa . A  A
DRY AIR RATE . 1241 1241 1242 . . 1242 <;.A
AVERAGE 
HUMID HEAT O .2513 O .2509 0.2504 0 0 2500 Ay
TIE-LINE
SLOPE -1.60 . -1.45 -1 .3 0 -1.20 • .*;■"/
NO. TRANSFER 
UNITS ** . 1.957 1.873| t ; 1.748 ' 1 . 652 . / yy j
** Uncorrected for End Effect
TABULATED RESULTS /• :' */ V. 95, w.
Y. Second'Set of;.Expepimehis v '• / " -v 00-
PACKED HEIGHT, s,. I ft.li in. A TABLE t 28
EXPERIMENT NO® ,Y- CC1 ' CC2 Y; , Repeat• ’ CC2 \ : CC3 i. V.CC4Y/. -.. Vj • - •
WATER RATE ' . 
(lb®/hr.ft.2) Y  2000 ; 150.0 *\ 1500 ■ . . ; ; 1260 . L 1000{*. .... ..
AIR U t I  - ' 
(lb0/hr®ft^) 1040. Y  1040 _ . 1040.. i°4° •' 1040
INLET ', " m - :  ‘7  
AIR (°F)
TEMPY .- , ' R-b.
70 0 5 - 69.4 69,0 69.3 . 69.3
79; 7 7 6 ,6 ■ 79.2 ' ; 7 7 .9 ■/ ■ 78.8
EXIT
AIR (°f VY; w ’>  ‘! 94.3 92-3 9 / 9 90.9 89.1
/temp; dvbo j V - 94o 5’ ’ * •' Y  92.3 . 92.. 3 91:1 89.7
inlet Waiter
TEMP (°F) / Y . ;
• • Y " ' '
-.10905 110.6,: •' iio.o 110.4 110.8
.EXIT WATER ; 
t TEMP*; (°F);„ ' ‘ !. .96®! • 93 op 93.o ' ; ■ 91.8 90,0
HEAT LOST BY ‘Y .
. WATER- -...SRY-Y ■ 
(BoToUc/br®)
26800 . 25506 25560 : 23436
. ;*
20800 :
-
HEAT!GAINED ... V . 
BY AIR
(BoToUo/hr®)
• ! 26Q31- 25197 v 24783
7 . y ;y  •
Y 23136
V  . Y Y
20786 ; 
- 14 .DIFFERENCE 131 v /. 313 Y 717 .• 300
$  ERROR.IN 
HEAT 'BALANCE -0.49 y  +1.20 +2.89 Y > 1 . 30 ■ +0.05
/.ENTHALPY INLET :.;Y 
AIR - ' 26o8l 25.69 25.48 : 25o73 • 25.79.
ENTHALPY // ■ ' '
• EXIT AIR - v 154*57 51.55 50.94 . 49®48 / 47.04
DRY AIR RATE 1025 . 1.026, 1027 1026 1026 -
AVERAGE HUMID
heat v . : O .2514 ,0.2506 0.2503 . ■ . 0.2502 0.2498
TIE-LINE Y 
SLOPE, • / -1.5 7
Mickley 
. ' Method -1.36
‘“’“‘""rT""1- «n-»n»u..iJu.u
. ■ -1.28-_nn;r: ‘PTrvr_. a  _ _ -1.10
NO. TRANSFER 
UNITS **■.. .. .m-m— L.. . .
!
2.078;. |
Does not 
work .1.942
■r,r7“
1.895
::
; 1 .3 0 7 .,'
#*■ Uncorrected:for end effects
Second Set of Experiments
.PACKED HEIGHT j :1 ft. I#, in. ■•+ TABLE s 2°
TABULATED RESULTS -  96 -r
EXPERIMENT NO. BBl BD2 3)1)3 DB4 '
WATER RATE " 
(lb,/hr.ft2) . 2000 1500 1260 1000 , -v
AIR RATE ■ 
(lb./hr,ft ) 865 865 865 . . 865/. ;
INLET w.b. 
ATT?r0TT> . ...-
69.1 68.2 68.6 68,9: 5
ilJ.it ^ i1 } ' —
TEMP d,b. • 78.0 78.2 ' '.-J 7,8.7 79.2 : - ?
e xi t .'w .b .AT*D ( tn\ 94.8 92.6 91.6 , : 90.15AJLJti \ h )  ^  
TEMP.,- d*fc' . 94.8 _ , ;■ 92.8 , 9,1.9 5 ■ 90.7: r|
INLET WATER 
TEMP. (°P) ./• . 110.0 110.0 ; IO9.8 110.0 . •!
' EXIT WATER : 
TEMP. ( P). 97.8 :. . 94-9 93.0 •4 9 1 . 1 +  .
HEAT LOST BY 
WATER . : ’ , 
(BoT.Uo/hr,) ■
24400 '. 22650 21168 .18900
HEAT. GAINED , ■ 
BY AIR
(B.T,U,/hr,) .
24128 21947 .20551 18760
..DIFFERENCE 272 703 617
OrH
$  ERROR IN 
HEAT BALANCE +1.13 +3.20 +3.0° ,. , +0.75/: . z
entI alpy inlet
AIR’’ r 25.53 .. 24.91 25.19 ; 25-44 ; .
ENTHALPY 
EXIT. : AIR 55.37 . 52.00 50.52 43.53
DRY AIR RATE 854 854 - ; ' 854 854 .
AVERAGE 
HUMID HEAT + . 0.2512 ■;'.7 0.2505 > . 0.2502 .. O.25O O+:
TIE-LINE
SLOPE . : -1.38 j -1.28 .; -1.24 "1.13-7+ Z
NO. TRANSFER 
UNITS ** .
,, ' j
.• 2. l8l. ! 2.061 ;■,. 2.010 ; ,[ I.93O, . . . .
** Uncorrected for End Effects
TABULATED RESULTS . ... - 9 7 -
Second Set of Experiments
; PACKED HEIGHTS 10.1/8 in. TABLE? 30
EXPERIMENT NO. EE1 A ' 1 EE2
■■■ ’ i .— "  “T
EE3 j EE4 ; : j
WATER RATE / 
(lb./hr.ft ) 2000 1500 1260 1000/
AIR RATE, 
(lb./hr.ft ) 1680 .1680 1680 1680
INLET. - , w.b. A 65.3 r65.lV .V..' 65.5 . , 65.5
AIR ( J)') . 
TEMP. a,D* 70.0 . : 70 .9 . ' - 71.4 72.1
s x x tL  w.b.
ATT? f Tin . ... - 86.0 84.9 83(95
82.6
«ix.i ixx . y jl jf.
■ TEMP. , A ■ d.b. 86.0 ■ 84.9 V  84.1 83.0 V, V
INLET WATER • 
TEMP ( F) IO9.8 109.4 109.5 110.0
: EXIT WATER 
TEMP.: (°F) y. 93*2 ■ 89.1 8 7.3 V 84.8
HEAT LOST BY 
WATER - .< /: • 
(BoT.Uo/hr * )
33200 30450 27972 V 25200 .
HEAT GAINED 
BY AIR
fa(B.T.U./hr.)
32257 30490 28319 25428
DIFFERENCE ' • 943 40 347 . '2 2 8  ,
io ERROR IN 
HEAT BALANCE : +2.92 -0.13
CMCM,01—11 -O.9O
ENTHALPY INLET - 
AIR 22.63 . 22.34 22.69 22.76
‘ENTHALPY A A" ' 
EXIT . AIR 43.01 41.57 . 40,51 ' 38.76 •
DRY AIR RATE 1659 V • 1660; 166O 1660
AVERAGE 
HUMID HEAT 0.2489 : O.2484, . 0.2489 O .2482
TIE-LINE
SLOPE.' . .  v
^lll 1,^,1 II '
Mickley llethod. -1.38 -1.30
NO, TRANSFER A, 
UNITS ** Does not V!orlci : ■ 1.258 . 1.149
** Uncorrected for End /Effects
TABULATED RESULTS * 98 -
Second Set of Experiments
PACKED HEIGHT; 10.1/8 in. TABLE 30 r.
EXPERIMENT NO. EElr BE2r EE3r . EE4r
WATER RATE'. ' 
(lb./hr.ft )' 2000 I5OO 1260 1000 ,
AIR RATE , p 
(lb,/hr.ft ) 1680 1680 1680 : 1680
INLET Web, 68,2 + 68.2 68.3 i ■ 68.4
AIR ( IP) ----
TEMP, d‘b‘ 79.6 79-8 /. 79 .8 . ■ 80.0
EXIT \ w.b,A T*D / tn \ 89.2 86.85 85.45 83.60air ( a )
IMP, dobo 90.4 88.5 - 87.45 • . 86.30 ■ -
INLET WATER !
TEMP ,(°P). v  .• +• . .j 110,1 . 110.0 no. 2 • ■' 'r 110.8
EXIT WATER + 
TEMP, (°P) ‘ + 9.2.0 , 89.7 88.5 86.6'
HEAT LOST BY
WATER# ; -fi. - *• Z 
(B,T,U,/hr.)
•
.36200 . '• 31050 ; 27342 • 24200
HEAT GAINED .
BY AIR ' . ' I *’ 
(B.T.U./hr.)
35231 ; 30401 27565 24258. . j
DIFFERENCE V. 969 649 223 : 58 ' |1
$ ERROR IN - ,,' 
..HEAT BALANCE +2.75 +2,13 -0.81
vuj ur+. - f
-O.24
ENTHALPY INLET +/•' / 
AIR 24.84 ' 24.83 24.89. 25,04
ENTHALPY . - • . 
EXIT AIR - ' 47.16 44.09 42.32 40.37
DRY AIR. RATE 1660 ., ; ,1660 1660 V • 1660 +
AVERAGE 
HUMID HEAT . ' , O .2495 v  O.249O O .2487 O .2484
TIE-LINE
SLOPE /', ‘ -I .58 ,
1
-1.47 ■ -1.39 -1.33
NO. TRANSFER 
UNITS ** 1.496 ; 1.353 1.2611 1,154 j
** Uncorrected for End Effects
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Second Set.of Experiments
PACKED HEIGHT; 10.1/8 in. ' TABLE 1 31
EXPERIMENT NO . FF1 FF2 FF3 FF4
WATER RATEp 
(lb./hr.ft ) ;2000 1500 1260 1000
AIR RATE p ■ - A ■ 
(lb./hr.ft ) 1250 * I25O 1250 1250
INLET _ w.b. 66.5 66.5 66.7 •v. 65.5 yy
AIR ( F; — ..
TEMP.' d.b., 71.6 71.6 71.6 71 .8
EXIT y  ^ ' ■" w.b. 90/1 ' 87.8. y 86.5 §4.4
AIR ( F) , 
TEMP..- d*b* 9° a 87.8 ; 86.5 84.6 '’fay;
INLET WATER 
TEMP,( F) 110,0 109.6 110,1 110.0 yy.
EXIT WATER ;
TEMP. (°F) , 95 *'0 92.O -fa 91. Or , y . 88.3
HEAT LOST BY
w a t e r ;, - . 'A
(B.TJU./hr.)
30000.- 26400 -v 24.O66, 21700 fa-
HEAT GAINED 
BY AIR 
(B.T.U./hr.)
29331 25734 . 23611 21724 !
DIFFERENCE 669 666 455 . 24
Jt ERROR IN 
HEAT BALANCE +2.28 +2.59 +1.93 ■ -0.11
'ENTHALPY INLET 
AIR . 23.42 23.42 23.60 22,65
ENTHALPY 
EXIT AIR 48.40 45.30 43.63 4 1.04
DRY AIR RATE ; •
1 -1 1 ■ 1 r 1
1234 ' *1234 1234 1234
AVERAGE 
HUMID HEAT O .2499 0.2493 6,2491 0.2485 ’/•
’ TIE-LINE .
slope " y ■; Mickley Method -1 .1 5
NO. OF TRANSFER / 
UNITS . *«' -'Does Not Workt • ^ •: 1.393
*’• Unoorrected for End Effects
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Second Set of Experiments
PACKED HEIGHT; 10.1/8 in. TABLE : Jlr|
t t x v A m w y m , FFla? • - EF2r FF3r FF4r
WATER RATE9 . ;- 
(lb. /hr.ft ) • " '
-2000 1500 ., . .,1260 ... loco y
AIR RATE p : 
(lb./hr.ft ) 1260 [• '1260 - 1260' 1260 V
INLET w.b. 66.5 66.5 . 66,5 . 66.5. . . .... 'air (• w) B - r r m
TEMP. . • ' 'dot).. 7 7 .4 ; 77.7 77.7 77*8
EXIT-.- ■ • . v, \ Wob. .90.4 88.1 86.85, 7  83.0 5 / 7  y
AIR ( F) . 
TEMP. ] ' . 91.0 89.1 • • 88.0 86.6
INLET WATER 
TEMP. (°F) 109.9 109.8 110.0 . liq.o
EXIT WATER' 
TEMP. ( F) 94.6 . . ' 91.9 ■ 90.3 88.3
HEAT LOST BY' 
WATER
(B.T.U./hr.)
30600 / 26850 24822 . 21700 7  .
HEAT. GAINED' .
BY AIR . . 
(B.T.U./hr.) 29994 26337 24436. 21833
DIFFERENCE . ; 606 ■ '513 ! 0
3 ON ' • • 133
$ ERROR IN
HEAT ; BALANCE ' +2.02 +1.95 +I.58 ? -0.61 - 7
ENTHALPY INLET 
AIR 23.51 23.48 ' 23.48 23.49 “
ENTHALPY 
EXIT AIR .48.8 8;.' . 45.72 ; . 44.08 41*86 ;
DRY AIR RATE 1246 ... 1246 1246 Y  1246 V ,:YY-
AVERAGE 
HIJMID HEAT, O .2497 • 0.2491 , O .2488 0.2485
TIE-LINE
SLOPE ' . /. ■ ,, -1.49 . . -1.39 -1.32 ' ~lo 25 0 0 . . '
1 NO. TRANSFER 
j UNITS ** : ■ ; V . 1.658 1.530 1.460 ' 1 .3 71 v
** Uncorrected for End Effects .
TABULATED KESULTS
Second Set of Experiments
PACKED HEIGHT! 10.; 1/8 in, TABLE t 32
EXPERHMT NO, GG1 . GG2 GG3 GG4
WATER RATEp • . - ; A : 
(lb./hr.ft ) 2000 1500 1260 fa.7
■ i * 
1000
AIR RATE p 
(lb./hr.ft ) 1040, 1040 , / 1040 ■ ■' • 1040
INLET -w.b. 69,8 70.3 70.9 70 .9 fay
All!(a ) , . r ~  
TEMP. : ; 78,8 79*2 •; 79 .3 79 .3
EXIT : w.b.. . 92.1 .90.6 89.7 88.3 :
AIR .( F)v  ; 
TEMP. W *B., 92.4 91.2 90.35 89.1 fa •
INLET. WATER
TEMP (°F> fay./. •- ‘V? 109.7 ,110.2 y 109.8 110.0
EXIT WATER
TEMP. (°F) • . ! 97.1 , -95.3 ,4 ■ 93.9 y 91.3 fay
HEAT LOST BY 
WATER fa/.- 
(BoToU./hr.) ' :/
25200 22350 20034 fafa 18700 V ;:
HEAT GAINED 
BY AIR y.... 
(B.T.U./hr,) ' ■ ...
24351 - ,21874 .20075 : 18270 fa
DIFFERENCE 849. : y 476 " 41 fa. fa : 430 fa,/
$ERROR IN 
HEAT . BALANCE, + 3.49 +2.10 . -0.20 +2.35 fafa
ENTHALPY INLET 
AIR. . 26.20 26.68 . 27.24 . 27.24 „;/■
ENTHALPY 
EXIT AIR 51.26 49.17 47.87 . , 45.98 4
DRY;AIR RATE fa. 102.6 ■ 1026 1025 ■ 0025
AVERAGE 
HUMID HEAT 0.2506 ... 0.2503 .. 0.2501 0.2498
TIE-LINE ‘ 
SLOPE -1.4 4 —1.32 -1.265 fa -1 .1 8
NO.'! TRANSFER fa * 
UNITS ** 1.72 7 1.627 1.574 1.524
*.*\Uncorrectec for. End Effects
TABULATED-RESULTS — 102 •?.
Second Set of Experimentsn — niiir WMi«Wiw«iiww-— irnmiTrwrti 11~i"rr .**t14 wrtT'f ■ i iirnlwrrmnrar
PACKED HEIGHT8 10.1/8' in, TABLE 33
EXPERIMENT NO, HHl HH2 \ HII3 ; HH4
WATER RATEp 
(lb*/hr.ft ) 2000 1500 ,.1260 .' 1000 .
AIR RATEp 
(iB./hr. ) ... 865, • 865 865 865 ■;
INLET w„b. 65/8 66,2
....  . L . - , 70.3# 70.3AIR _ •
t e m p. > a#D# 74.7 . 75-0 ■; ■ : 79.5 •79.5
EXIT Wabo 91.55 89-9 89.6 89.05
AIR. (°F) — ■ ,—  
TEMP. / 91.6 • 90.1 90.3 ' 89.7
INLET WATER 
TEMP (°P) 110.0 IO9.9 109.0 . 110.0
EXIT WATER 
TMP. (0F) ■ 98, 5 ,
!
96.1 95-0 . 93.8
HEAT LOST BY 
WATER
(B.T.U./hr.)
23000 20700 17640 .1 6 2 0 0
HEAT GAINED 
BY AIR 
(B.T.U./hr.)
22409 20271 1 7 0 5 2;-' .,1 6 3 6 3
: DIFFERENCE . 591 429 • 5«0 .1 6 3  .
i  ERROR IN 
HEAT BALANCE 4*2i 64 +2*12 +3.45 .. .-1.00
ENTHALPY INLET 
AIR • ’ 22.88 23.27 26.65 ,26.65
ENTHALPY 
EXIT AIR 50.55. 48.13 47.72 .; 46.84
DRY AIR RATE 855 855 853 853
AVERAGE HUMID HEAT 0.2500 0.2497 0.2500 . 0.2499
TIE-LINE. 
SLOPE \ -1.31 . -1.20 -1.14 -1.09
NO. OF TRANSFER 
UNITS ** , 1.798 1.734 I.67O 1.619 .
T—— !r— — ~t— ’
' • TABULATED RESULTS V'" -  103 -
Second Set of Ejcperiments v
PACKED HEIGHT 8 . 6f in.,.: ; /'• ■ TABLE , t\ 34
EXPERIMENT NO. -1 III . 1' - 112 : 113 114'
WATER RATE/ 
(lb./hr.ft ) 2000 . 1500 . 1260 ■; .
,,,,,, j ,
. ' . loop
AIR RATE p- • 
(lb./hr.ft ) 1680 168°
, , .1 .1 1 _ y, 
1680 1680
INLET , 
air (°f ) :w *l3r §7.6 ; ,Y 68.5 \ 69.1 . . 6 7 . 5
TEMP.V Y  ' d.b. 76.5 7. •v 76.5 .Y . ■ 74.8 74-5
EXIT w.b. 86.6 84.1 - 82.8 81.3
M n  (°p) v
TEMP. . • a*D* ' 87.7 , . 85.6 " 84.2 82,8
INLET WATER . . Y  - 
TEMPo (°F) 110.3 110.3 109.8
i . . • 7" "
110.0
EXIT WATER'-. •. Y . 
TEMP. (°F). ’ 95*4 ■: 9.3 .7 . 91.9 . 89.5
HEAT LOST BY 
WATER
.(B.T.U./hr.-;) ' '/I
29800
-Y . ■ ,
.. 24900 22554- .. 20500
HEAT GAINED. 
BY AIR - 
(B.T.U./hrY)
30605 24771 21871 20759
DIFFERENCE 805 129; ■ 683 Y; . 259 :
fo ERROR IN 
HEAT BALANCE. : -2. 63 \ +0.52 +3.12 1: . {-1 .25,;
ENTHALPY INLET. .
air y \  7  , y  •
/
24.34 25.11 24.94 ■ 24.42
ENTHALPY 7-.. ■ ' 
EXIT AIR • 4 3.77 40.84 39.56 3 7.5 4
DRY AIR; RATE Y  • Y  1 6 5 9. I658 . . 1657 1658
AVERAGE 
HUMID HEAT Y 0.2491 0.2487 618487 ■ : ; : 0.2481
TIE-LINE 
SLOPE 7  • ' “1,5o -1.24 V; : -1.28 . -1.25
NO TRANSFER 
UNITS ** 1.166 1.045 0.975 0.907
** Unoorrootod for End Effects
Second, Set of Experiments ,
PACKED.HEIGHTS 63- in TABLE s , 35 ;; ’
TABULATED RESULTS -  104 -
EXPERIMENT NO.# ’ .! - JJ1 # Z ; 0TJ2 JJ3# JJ4 ’/7
WATER RATEp ' # : - 
(lb;/hr.ft ):/ 2000 -z .## 1500: . 1260
r ' ' i
vV . 994
AIR RATE p ' ? 
(lb./hr.ft ) ■ #1260 ; 1260 :• 1260. 1260
INLET w.b. 67.6 68.-5 62.6 62.6
AIR(°F) --- -
TEMP. r.dob# 77.0 y. ■/ 79*2 73.4 73.4
EXIT w.b# . 87.1 # : 86.1 82.6 80.6 ;
AIR (°F/ . . " " 
TEMP. - #: Z .d.b./ 88.2 '# 87-7 ; 84.2 82.6 • V";
INLET WATER .
TEMP (°F) #,- ' • Z  , 110.0 z .110.0 ■;*'#’; IlOo0 IO9.9 •
EXIT WATER
TEMP. (°P) • ■ . ■ .23.4 '• ■# 96.0 9,2.2/ 90.1 • +
HEAT LOST BY 
WATER
(BoT.Uo/hr.)
23200 / 21000 22428 ' 19681 ■:
HEAT GAINED
BY-AIR ■ ;#• . /. / - 
(B.T.U./hr.) .
235H 21033 : 21944 1 9 3 6 6 ; ■■
DIFFERENCE. 311/,/; .■;./. 33 484Z .. ’ 815 1
$ ERROR IN
HEAT BALANCE " . . -1 .32 -0.15 .# +2.21 ■ Z  +1+5 /
ENTHALPY INLET 7 
AIR- 24.36 : 25.16. #:; .20.56 2O.5O >
ENTHALPY Z'
EXIT AIR ' 44*41 43.02 . 38.98 . 36.80
DRY AIR RATE 1245 ‘ Z 1244 1248 ■ 1248
AVERAGE 
HUMID'HEAT 0.2491 ' ' . #0.2490 0,2476 ' v 0.2472 .
TIE-LINE
slope #• z-.z# - # -1.20 ,. + -1,10 ' • ’ -1.20 -1.10
NO. TRANSFER 
UNITS ## */. 1.286 Z;Z 1.240 ...1.179 • 1.123 . ■ :,
** Uncorrected for End Effects
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Second Set of‘.Experiments . >
PACKED HEIGHTS 6f in. TABLE s 36
EXPERIMENT NO. iac i • KK2 ' - r o KK4
WATER RATEp 
( l b . / h r . f t  ) 2000 * ’ . 1500 1250 ’ 1000 ;;y.'
A IR  RATE p 
( l b . / h r . f t  ) .- 1045 1045 / 1045 • 1045
IN LE T  w l h T 64.8 65*7 64.4  ■ 64 .O
A IR  ( ° E )  d b  
j TEMP. y* 0 75 *7 7 6 . 6 77*0 ;* 7 5 . 0
EX IT  We bo j . 8 5 ,0  
AIR  ( ° F )  ...............y ............'
8 6 ,6 85.7 8 2 , 4
TEMP, dob ,  j 8 9 ,0 87.8 . 8 3 . 8 84.2  . x
IN LET  WATER I •"
TEMP, ( ° F )  j 1 0 9 ,8 109,7 1 0 9 .7 109.8
EX IT  WATER 
TEMPo ( ° F )
. 1 ‘ 
98.3 96,1 95 .O 92 , 7 . . .
HEAT LOST BY 
WATER
( B o T o U . / h r . )  : 23000 20400 18375 17100
HEAT GAINED  
BY , A IR  /• . ,  
( B o T o U . / h r . ) 22909  . 20414 18030
* , r
16929  /
DIFFERENCE 91 14 345 ■ 171
io  ERROR IN  : 
IiEAT BALANCE +0,40 - 0 .1 6 + 1 .9 1 + 1 .0 1
ENTHALPY INLET, . , . ’ 
A IR  ; , / 22,13 22.91 2 1 .7 5 21 .54
ENTHALPY 
EX IT  A IR  ' 1 45 *5 8 43.77 40,14 3 8 .7 7
DRY A IR  RATE
- -... ■ . / 1034•..,......... ,y , • 1033 1035 1036 .
’ AVBRAGE: 
HUMID HEAT 0.2489 0.2487 O.2478 0.2476  ‘fa
T IE -L IN E
SLOPE -1 .4 0 - 1.15 - 1 . 0 0 - O .98
NO o TRANSFER y  
U N IT S  * * 1 .3 6 2
J—
1.378 
................. ..... ;..
. 1.265  . 1.219  •
** Unoorreoted for End Effects
«Second. Set of. Experiments
PACKED HEIGHTS ' 6fin. ; 'fa'. TABLE ; r 37 ; '
TABULATED RESULTS -106
EXPERIMENT NO, | LLl j LL2 / LL3 — LL4' '
WATER EATEpfa -y- y; 
(lb./hr,ft ) 2000 1495 1260 : 1000
AIR RATE p . 
(lb./hr.ft ) 880 fa 080
‘--fafa
880 fa- fa 880
INLET *- • -. w.b. 63.5 'fa .fa- 63.9 63.3 • \ 6 4.4
AIR (°F) —  . 
TEMP. 6- ' b - 73.8 ,74.3 74.1 75-2
EXIT ■ • w.b. 87.6 fafa' . 86.0 86.2 8 4 .2 5
AIR (°F) “■— .
TEMP. V: ■ • .-d.b; 88.2 . 86,9 85.2 35.6
INLET; WATER 
TEMP. (°F) : - IO9.17 110.0 110.0 : 110.0
EXIT WATER.
TEMP. (°F) ■ Y. 99-7 V- ; 9 8 ,0 . fa 9 5 .8 . -'93.9
HEAT.LOST BY 
WATER- ■ - V 
(B.T.U./hr. )'
20000 'fa 17940 17892 ,16100
HEAT GAINED 
BY AIR - • 
(B.T.U./hr.)
19638 V 17677 I734I 15790
DIFFERENCE 362 263 -' : 551 310
/o , ERROR IN 
HEAT- BALANCE . +1.87 +1 • 49 +3 .1 8 fat-1.96
ENTHALPY.INLET - 
AIR , 21.22 • 2 1 .5 0 2 1 .0 4 21.78
ENTHALPY .'*v ' ■ 
EXIT AIR 45.05 . 42.95 •: 42.04 4 0 .8 8
DRY AIR RATE 871 871 871 ■871 fa: fa"
AVERAGE " .y 
HUMID HEAT y , 0.2488 ; y 6 .2 4 8 4 ' . 0 .2 4 8 2 / ■ O.248I
TIE-LINE SLOPE. -1.25 , -1 .1 7 -1 .1 0 :-1.00
NO. TRANSFER
UNITS ** * |*---r...... .....—.....■» 1.499 1*396 1-368 1.347 !
.** Uncorrectod for End Effects ~
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Second Set of Experimenta
PACKED HEIGHTS 3.3/8" TABLE s 38
' EXPERIMENT NO. MM1 MM2, MM3 MM4
WATER RilTEp 
(lb./hr.ft ) 2000 ’’ , 1495 'V 1260 ■■ 1000
AIR RATE p 
(lb./hr.ft ) 1682 1682 1682 . . 1682
INLET . w.b.
A T T ?  / . . . . loinn
■ 68.0 65.4 66.4 66,0 .
A11C \  ii )
TEMP. d*'b- 79.8 , 77.9 78.8 81.0
EXIT... 1: w.b. 82.9 80.0 79.45 / - 7 8 .7 v •
AIR (°F) , 
TEMP. a#u* 86.5 84.1 " 84. 0 84.3
INLET WATER J 
TEMP. (°F) 110.3 110.1 107.9 110.0
EXIT WATER V ’: 
TEMP. (°F) 98.4 95-4 94.2 9.2 .2 .
HEAT LOST BY 7  7  
WATER ' ■ 
(B.T.U./hr.)
23800 21976 19782 17800 :
HEAT GAINED 
BY AIR" 
(B.T.U./hr.) 23782 21228 / 19082 1 7 4 6 0;■.
DIFFERENCE. 18 . 748 ■ 700 340 ; .
$ERR0R IN ' 
HEAT BALANCE . +0.08 +3.52 +3.67 +1.9 5 Y, •.
ENTHALPY INLET 
AIR . 24.11 . ,1 22.41 • 23.37 23.04 /
ENTHALPY 
EXIT AIR . ■ 39.23 36.05 • .. 35.44 y - 34.11
DRY AIR RATE 1662 1664 1664 I665
AVERAGE 7  • 
HUMID HEAT O.248I 0.2472 0.2472 O .2467
TIE-LINE SLOPE . • —1. 4© ■ —1.34 -1.25 -1.18
NO. TRANSFER 
UNITS ** 7-. :f. 4 . ' ' I,.,---,,,, .—...1 , P...... . j 0.828 •0.754 y  0 .715 0.682 '
* *  Uncorrected for End Effects
Second Set of Experiments
PACKED HEIGHTS . 3*3/8" . , TABLE s 39
TABULATED RESULTS -  108 -
EXPERIMENT NO. . NN1 M 2  , . M 3 M ft.
WATER RATE? 
(IB./hr.ft ) 2000 1500 1260 1000
AIR RATE „ 
(IB,/hr.ft ) 1255 ' 1255 7  1255 ■ 1255
INLET , -v ' w.B. . 66.2 66.9 66.7 66.2
AIR (°E) - " T v 
TEMP. d,b- 81.9 81.9 81.9 8 1.7
EXIT . w.B. 83 . 7, 83.1 3 1/5 : 80.2
AIR (°E) ' . 
TEMP. a‘D‘ 88.0 87.1 86.5 85.6
INLET WATER 
TEMP. (°E) 109.8 110.2 110.0 110,2
EXIT,WATER . 
TEMP.:(°P) ' 99.6 93.4 97.0 95.0
HEAT,LOST BY 
WATER
(B.T.U./hr.)
•. 20400 17700 , 16380 15200
HEAT GAINED 
BY AIR 
(B.T.U./hr.)
19832 18037 16719 15386
DIFFERENCE - ' , • ■568 337 7 - / 339 v 186
$ ERROR I N .......
HEAT,BALANCE +2.86 , -1.67 , >2.03 . -1.21
; ENTHALPY INLET 
AIR >  • • 23.17 23.74 23.55.. 23.17
'ENTHALPY 
EXIT AIR ‘
’ V i
40.36 . 3972 37.82 * 36.28
, DRY AIR RATE 1242 1242' 1242 • ; ; 1242
AVERAGE
HUMID HEAT ' / .. 0/2478 / 0.2477 v 0/2474 0.2471
TIB-LINE SLOPE -I.3O •/■ 71.21 -i. 15 i: -1.10
NO.. TRANSFER 
UNITS: **, : O.9 5 8; .
L
0.896 0,861
| . . .. . ... 
i ‘ 0.816
I....... _________
** Uncorreoted for End-Effects :
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Second Set of Experiments Y
PACKED HEIGHTS 3.3/8 in. TABLE s 4O
EXPERIMENT NO. . 001 / : 002 O O U3
-00
WATER" RATBp 
( l b . / h r . f t  ) 2000 1500 1260 1000  ,-Z;
A IR  RATE p 
( l b . / h r . f t  ) . . ... 1045 . IO 45 ; , 1 0 4 5  Z 1045
INLET w .b .
ATT) ( t*Tti\  ■ r—imrrrrr—TTT”
6 1 .7 61.0 6 4 .8 6 5 ,8
iLLJLt  ^ X1 f
TEMP. ' '' v- d .b . 6 9 .3 6 8 .4 7 9 .9 ; ; 8 1 .0
E X IT  . w .b .-
ATP Y 0F ) ' ' Tin 1 »rn ,r/Y,.
8 2 .9  , „ . . 8 0 ,5 ■ ' 8 1 . 7 81.0
ttikXXi \ r
TEMP. Y  . d . b . 8 3 .3 8 1 .2 ' 8 5 .9 8 5 .8  .
INLET WATER “ ' 
TEMP. ( ° F ) IO 9 .7 110.0 1 0 9 .8 110.0
EX IT  WATER Y - \  7  
TEMP.. (°F ). 1 0 0 .3 . 9 8 .2 9 7 .4 . 9 6 . O /■
HEAT LOST BY ' • 7 '  
WATER
( B . T . U . / h r * )  . Y /  Y ,
1,8800 1 7 7 OO 15624 14000
HEAT GAINED 
BY A IR , 
( B o T o U . /h r . )
19002 , - 1 7 0 3 0 . 154 5 4 . 14026
BIFFERENCE . 7  / 202 . ■ ■ Z 670 ' 1 7 0 ' ' - 26 Z ;Y
$  ERROR , IN  
HEAT BALANCE , . • - - 1 .0 6  V +3 .9 3 +1 o 10 - - 0 .1 9
ENTHALPY INLET
a i r  . / 1 9 .9 0  • 1 9 .2 8 2 2 .1 4 /  2 2 .9 0  z
ENTHALPY 
E X IT  A IR 3 9 .2 8 Z  ; 3 6 .6 3 : . 3 7 .9 6 3 7 .2 7
DRY A IR  RATE 1035 . 103-5 ' 1035 10 3 4
AVERAGE 
HUMID HEAT 0 .2 4 7 8 ,  0 .2 4 7 4 : . 0 .2 4 7 3 • 0 .2 4 7 3
T IE -L IN E . SLOPE . - 1 .2 2  " ■■-1,13 - 1 . 1 4 - 1 . 0 7
NO. TRANSFER 
UNITS ##
I—1,u .... 1 1 " l-ut r-1 ■ 1 —,J"llj,uy
1 .0 5 2 O.9 6 8 0 .9 3 9 0 .9 0 8
**. Uncorrected for End. Effects
PACKED HEIGHT; 3.3/8 in. /, • TABLE ! 41
TABULATED RESULTS -110 -
Second Set of Experiments fa' . %
EXPERIMENT NO. •:/ ppi . PP2 PP3 ; PP4 ■
WATER RATEp 
(lb./hr.ft ) . 2000 .'fa. 1500 1260 fa; 1000 /fa',-
AIR RATE p 
(lb./hr.ft ) .• oCOCO 880 /fa
■ . 
j
° 
1 
CO 
J 
co . 880 • -'fafa.' '
INLET. w.b. -■ 6 4 .4 6 4.O 63.1 . 62.6
AIR (°Jy) -r-'— — 
TEMP.'- - d“b* 74.1 ;v 74.3 . 73.9 73.8 . ""fa
EXIT ’ w.b. fa.. 8 4 .2 . 8 2 .9 81.7 8 0 .5 fa,:-
AIR (°E) 0 0  
TEMP. a’D’ 8 5 .8 84.7 83.7 8 2 .9
INLET WATER ■ ' '-• / 
TEMP. (°F) •. % 110.0 110.0 IO9 .9 110.2
EXIT WATER y • • •/ - - 
TEMP. (°F) 102.1 100.0 98.8 1 9 6.7; , v.'
HEAT LOST BY, *’ ’ 
WATER
(B.T.U./hr.)
15800 1 5 0 0 0. 13986 13500
HEAT GAINED 
BY AIR - • 
(B.T.U./hr.)fa
15894 . 14635 , 14033 13352 .fa
DIFFERENCE ' 94 : .365 47 148 .//'
fo ERROR1 IN 
HEAT BALANCE -0.59 +2 .4 9 -0.33 +1 0 09
ENTHALPY INLET 
AIR 21,88 2 1 .5 6 2 0 .9 1 20.51 ,'fafa.
ENTHALPY 
EXIT AIR 41.20 3 9 .3 4 , 37.98 36.67
DRY AIR -RATE 871 871 871. ' 872
AVERAGE 
HUMID HEAT 0.2482 ; fa 0 .2 4 7 8 ' O .2475 0.2471
TIE-LINE SLOPE , -1.16 : . -1.08 , -1.03' -0.98 ,fa"
NO TRANSFER 
UNITS *;*
1 ■ ■
! 1 .0 9 0 1 .0 4 6 . , 1.023 0.998 .. j
'■** Uncorrected for End Effects
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Second Set of Experiments,
PACKED HEIGHTS 1.1/8 in. TABLE s 42
EXPERIMENT NO. QQ1 QQ2 0,3- QQ4
WATER RATE7 
(lb./hr,ft ) ‘ ' 2000 #■ ’ ,’.1500 1260 1000
AIR RATE p ...
(lb./hr.ft ) ' 1680 1680. • : 1680 1680 ' #
INLET . . w.b.-,-
ATT> ( OT?V 62.4 # 7 63.3 ? 63.3 , . v63.5#;.;
TEMP. . d.b. 71.9 72.3 72.7 , • 73.2
EXIT w.b.- 77.0 #:' .75-9 74.8 # 74 ,0 fi
AIR (°F; :---
TEMP, d.b. 19* 8 79.1 , 78.65 . 78.4
INLET WATER 1 
TEMP, (°P) 110,6 110.6 ; 110.0
. -p . " 7 ib
, 110 .2
EXIT; WATER ' ' *■/ 
TEMP. (°F) • 101.3 100.0 98.2 96.5
HEAT LOST . BY 7  7  + 
WATER . / 
(B,T,U,/hr.)
18600. I59OO: 14868 13700 ,
HEAT GAINED 7  ' 
BY AIR
(B.T.U./hr.) .
19358 J’ 16778 15247 13962
DIFFERENCE 758 ' 878 379 262
fo ERROR IN # 
HEAT BALANCE. ** -3.9i : fi -5.23 -2.49: -1.88 ;
ENTHALPY INLET #
AIR#.;, - ' . 7  ; : 20/47 , Z ; 21.36 •> 21.08 21.18
ENTHALPY
EXIT AIR .#■■ 7 # 32. 75 ##' . 31.77 30.76 '30.00 : "■
DRY AIR RATE 1663 1663 1663 1663
AVERAGE ' ' • Z 
HUMID HEAT.' 0.2466 O .2466 /O .2464 0.2462 ■
t i e-line s l o p e ## i -1.20...• • ■ -1.14 , -I.0 7 : -0.995
NO. TRANSFER 
| UNITS ** . Z •
■ ■ ....i • # '
0.605 • 0.537 5 • ,0,530 0.510 " +
** Uncorrected for End Effects';.
Secorid Set of Experiments
PACKED HEIGHTS l.l/8" ; .. . TABLE j 43
TABULATED RESULTS - 1 1 2 -
RR2 . RR3 ■ RR4 ; .EXPERIMENT NO • RR1
WATER RATEp 
(lb./hr.ft ) 2000... ;. 1500 1260 ; 1000
AIR RATE p 
(lb./hr.ft )
1265 1265 1265 1265 ;
INLET w.b. 63.7 • 63.5 63.5 63.5
AIR (°E), • 7 “
.TEMP, 74.8 fa'fa' 73-6 73.6 :■ 73.8 .
EXIT. ’ w.b.; 78.55 77-2 75.7 75.0 ,,
AIR (0E;
TEMP. dl13* 82.0 80.5 79.5 79-0
INLET WATER 
TEMP. (°P) 109.8 110.0 IO9.9 110.0
EXIT
WATER
-TEMP. (°F) 101.6 100.2 99.6 -fa- . 98.0
HEAT LOST BY 
WATER
(B.T.U./hr.) I64OO fafa 14700 . 12978 12000
HEAT GAINED 
BY AIR 
(B.T.U./hr.)
15510 14032 12271 11519
DIFFERENCE - 890 668 707 48I '
$ ERROR IN 
HEAT/BALANCE - . +5.74',fa" +4-76 ■; +5 .76 +4.17 fa'fa
ENTHALPY INLET 
AIR;,; 21.24 .' ' 21.22 21.22 21.21 ' "■
ENTHALPY 
EXIT AIR . fa 34.39 ■ V 33.08 31.5 7 30.94
DRY AIR RATE 1252 1252• : 1252 1252'
AVERAGE 
HUMID HEAT 0.2469 0.2467 0.2465 0.2462
TIE-LINE'-SLOPE - '. , -1.025 -0.95 -0.88 —0.80
NO. TRANSFER 
UNITS** 0.733 0.690 ' 0.627 fa- 0.623
** Uncbrrected. for End. Effects
Second Set of Experiments 
PACKED HBIGKTs 1.1/8 in.
TABULATED RESULTS ■ ■ m' 115
TABLE s 44
EXPERIMENT NO. i SSI •'7 • SS2 SS3 SS4
WATER.RATE_ 
(lb./hr.x'Y) 2000 1500 1260 “ . 1000
AIR RATE 
(lb./hr.ft ) 1045 ‘ 1 1045 1045: 1045
INLET';,. , w.b. 63.9 63.9 .Y 6 4.6 65/1 •
-AIR (°F) .... .
TEMP. ■ d,b... 77.2 • 77*2 .77 * 9 77 <9
EXIT ' w.b.V 79-1 7;: 7 7 .1 5 7 : 77.0 7  76.2 ■ ’
AIR (°F) • "
t e m p. d‘b*. ,83.3 : : . 88.2 82.1 .... 81.6
INLET WATER ; 
TEMP . (°P) \ • y 110.2 ,7. .110.0 ; 110.0 ,110.0 Y.
EXIT WATER
t e m p .; (o f); ... . 103.7 102.0 ,,; 101.8 100.9
HEAT LOST BY 
WATER ■ ■ ■ 
(B.T.lJ./hr. ' • ■■ . • Y
13000 ■
rs# A+mi+tx*r» tbwi wwiiiiwyiifl
Y 12000 . 10332 , 9100
. HEAT; .GAINED 
BY AIR; • 
(B.T.U./hr.)
13214 ‘ ; .11557 IO695 9834
DIFFERENCE3'/, ”214 443 : 363 / 534
$ ERROR IN 
HEAT. BALANCE : LI. 62 . +3.83 . -3.39 -5»54
gggHALPY INLET / 21.26 21.26 : 21.8 9, 22.34
ENTHALPY Y/ 
EXIT'AIR Y" ■ 34*85 33.13 32.87 7  32.20
DRY AIR RATE , 7. 1035 1035 1035 1034.
AVERAGE 7  
HUMID HEAT 0.2468 0.2465 0.2465 0.2465
TIE-LINE SLOPE 7  • ■1 -O.89 -6.79 -O.74: -0 .72
NO. TRANSFER 
UNITS ** ! 0.798 O .747
' Y ; i ’ ; ■ ■ Y ', . • \ •
0 .731 j ■ 0 .6 77... 1
Uncorrected for End Effect’s
TABULATED RESULTS -  114
Second Set of /Experiment s 'fi y ‘- ■ • *'
PACKED HEIGHT? l a/ 8  ill. , •/., ■/,. TABLE s 45
EXPERIMENT NO. fi " fi. TTI TT2 ■ TT3 TT4
WATER RATEp ' 
(lb./hr.ft ) 2000 1500 126° 1000
AIR RATE p 
(lb./hr.ft ) . ' 865 / 865 ' . 865 : 865 • Z
i n l e t: w.b.
ATT? ( OTP Y __... ... 65.3
65.3 + 5.5, . 65.5
TEMP. ; d.B. T 7 -9  ■ 77-9 * >5 77.9 77,9 z
EXIT ■ . w.B. ... 81.1 / 79.85 78.3 76 i 8
AIR ( °F) . 
TEMP. , d.b. 84.5 83.7 ' 82.65 81.6 , Z
INLET WATER ' : Z  
TEMP.(°F) , 110.4 IIO.4 110.0
fi"1*' i'" 'I * )" •
. 109.7
EXIT WATER/5 ’ 
TEMP. (°F) . 104.5 103,3 1.02.0 10 1.3
HEAT LOST BY . 
. WATER 
(B.T.U./hr.)
11800 IO650 10080 8400 .
HEAT GAINED
BY AIR ' ‘ >v- ' 
(B.T.U./hr/) 120070. 10963: 9358 8101
DIFFERENCE Z - ’■ fi 2 0 7 / -;y . 313 ; . • 722 299
$ ERROR IN
HEAT BALANCE ■ . ' /. >•“1.72 “2.86 i +7.70 +3 ,7 0
ENTHALPY
INLET AIR fifi Z, • + •; + 22.29 Z,' 22.29 , 22.71 22.71 +
ENTHALPY
EXIT. AIR; .■#. . •. t ,'•3 7® 21 '?•. 35.93 34.32 32.78 -fi'
DRY AIR RATE y 85 6 ■* ;; - y  856 856 856:
AVERAGE 
HUMID HEAT 0.2473 0.2471 0.2469, . 0.2467
' TIE-LINE SLOPE <’ . “0.80 -0.75 ' "0.73 -0.68
NO. TRANSFER. 
UNITS ** #Z 0.959 I 0 .9 1 4 ,!.
I
0.797 I / O .723
Uncorrected for End Effects y
Second Set of Experiments’• mmtm*mmm*raw *» mum w  11* tmmm
PACKED HEIGHT8 l.l/8 in.
, TABULATED RESULTS
TABLE 8 46
-  115 -
EXPERIMENT NO. UU1 UU2 UU3 01:4 j
WATER RATE? ■* . .. 
(lb./hr.ft ) 2000 1500
1
1260 1000
AIR RATE p ■ , ■ ‘ ' ■ 
(lb./hr.ft ) 1680, 1680 16 8 0.
a i\ ■« -j - J :
1680
INLET - .rw.bc 61.1 . ■ y 61.2 . 60.8 61,0 fafa
AIR (°E) . 
TEMP. ' - a°b# 74.0 74.6; fa, 75.0 fa. 76.0
EXIT w.b.
ATP fOllA ™  . . ‘ 75.8 74-3 73.05 ; 72.3
TEMP.; d.b,: v - 80.5 80.0 ■fa:79*5 79.6
INLET WATER *
TEMP. (°F) ' 'fa; ‘ : IO9.7 '-' 110.6 . 110.C 1 10 .7 fa,
EXIT WATER 
TEMP.. (°F) 1 . ,100.2 99-5 ' • 98,0 , /far 96.7 .
HEAT LOST BY
WATER I ' / /'V. •
(B.T.U./hr.)
19000 I665O . fa 15120 ■fa: I4OOO,
HEAT GAINED 
BY AIR
(B.T.U./hr. . y ■_ y
19078 16802 15385 I4226 . '
DIFFERENCE 78 152 265 226
$ ERROR IN fa 
HEAT BALANCE . -0,33' -0.90 -1 .72 —1.59 /fa
ENTHALPY INLET
AIR . *//- ; ; fa yy 19.49 .fa. 19.50 19.25 • : . 19.31 fa,
ENTHALPY
EXIT AIR • . - 31.63 : fa,.. 30,19 V; 29.03 28.34
DRY AER RATE 1666 1666 1666 1667
AVERAGE • 
HUMID HEAT ; 0.2461 0.2458 fa 0.2455 0.2453.
TIE-LINE ,’SLOPE ’ ; -1.20 -1,08 -1.021 -0.94
NO. TRANSFER:-. vf V;‘." 
UNITS** / i 0.6C3 O .552
t --
1 .  ■ "
! 0.525 0.511
;** Uncorrected for End Effects
■ 'PACKED HBIGI-iTs l.l/8 in. y - TABLE s 47
TABULATED RESULTS. . -  H6 -
Second. Set of Experiments
EXPERIMENT NO * \  / ■ / W 1 VV2 VV3 : ' vv4
WATER RATEp * ' v ; 
(lb./hr.ft-) 2000 1500 ' ' 1260 1 0 0 0 —
AIR RATE p 
(lb./hr.ft ) , 1 2 6 0 1260 1260. 126° "
INLET , -W.b., 62.0 62.0 62.0 . 62Y
TIMP. d.b. 77.0 77.0 77.0 77.-0
EXIT 7  ; w.b. Y 77.65 - 76.I ' .-"75.5 V 74.8
AIR (°F.) . ; 
TEMP. , d’b<> 82.9 81.9 8 1.5 31.0
INLET WATER /• '• ’ ; < ' = 
TEMP. (°F)- ‘ 110.8 , 111.0 111.0 110.2 y
EXIT WATER 
TEMP. (°F)
'
102.8
...
101.4 100.0 , 98.0 /
HEAT LOST BY 
WATER-
(B.T.U./hr.)
16000 .14400 : 13860 12400
HEAT GAINED 
BY’' AIR ■ 
(B.T.U./hr.)
15886 . 14249. 13336 12183
DIFFERENCE - . - 114 151 524 217
$ ERROR IN 
HEAT BALANCE +0.72 +0o 98 +3-93 +1 ,7 8
ENTHALPY’INLET .
a i r ;’ 20.08 20.08 20.08 20.57
ENTHALPY;- ; • 
EXIT AIR
. * *v . < 
33.59 32.06 31.41 30.90
DRY,;AIR RATE 1249 ; 1249 1249 ;' 1249
AVERAGE
HUMID HEAT, , . 1-.... .. •- , ., '--: - : ...j 0.2463 O.246O 0,2459 0.2459
TIE-LINE SLOPE | -0.985 -0.90 . —0,86 -0.83 .
NO. TRANSFER ’! 
UNITS** | 0.730, | O .679 . • 0,666 ■ ,0.648 t
** Uncorrected for End Effects
TABULATED RESULTS -/■ \ '■ - 117 - .
Second Set of Experiments .;*'•/ fa ' ^ 'V ' y ’1 /.
- PACKED HEIGHTs 1..1/8, in. - ' TABLE 1 48
EXPERIMENT NO * WWlfa. WW2 :- : WW3 :y WW4 / m, 0
•WATER RATEp ' 
(lb,/hr,±-c ) 2000 : I5OO ; 1260 1000
AIR RATE p 
(lb./hr.ft ) ■1040 y - ,1 0 4 0 . .1040
* p
1040 -r;.
INLET'/ ' ‘ w.b. 58.0 59*0 59-oy ‘ 59-0
AIR (°F;
TEMP. .fa/ ' ■/ A-'°* 70.0 = 71 .0 ■ ,72.0 y 72 ,2 ' yy
EXIT w.b. .76.3 74-7 73.65 , 72.6
AIR (°F.) . ~
TEMP. d"'D“ 79- 3 78.4 - 78.2 : 77.-2 :"y*
INLET WATER: r . 
TEMP. C°r<0 ; " : • 110.0 110.3,‘ •109.8 109,7
EXIT WATER 
TEMP; (°F) 103.6; 102.0 . 100.7 • 99-1 . y
HEAT LOST BY 
WATER .
(BoToUb/hr.) .
I46OO 12450 11466 10600 'fa
HEAT GAINED 
BY AIR 
(B.T.U./hr.)
!1j 
ON
• 
 ^
■
■vT -
j 
rH fa,
!1___
:.
J
12359 11382 .■ 10572
DIFFERENCE 251 ... 91 * 84 . 28 . fa A...
$ ERROR IN 
HEAT BALANCE +l‘o 75;, . ‘ - +0 .74 • • +0 .74 +0.26 fafa.
ENTHALPY INLET 
AIR ; v . 17*41 1 7.9 6. . 17-95 17.8 3 V
ENTHALPY
EXIT. AIR . .,v ; 32,17 ’ 30.66 29,64. 28.78 v
DRY AIR RATE 1032 1032 1032 1032 ..
AVERAGE
I-IUMID. HEAT "> . ' “
'
0.2459 yy 0.2457. . .0,2455 ; : 0.2454 fa■ i....  , ■ ... .
TIE-LINE SLOPE . ! -O.87 /  -O.78• fa i - ‘ I - . | -0.74; -0 .71
NO. TRANSFER /' ;j | fa 
UNITS** . ... j 0.801 I O .753•'.•...J' 1 • *. -
1
; 0.728
I •;1 .
1 0.7031... -1
** Uncorrected for End Effects
PACKED HEIGHT; 1,1/8" TABLE ; 49
TABULATED RESULTS # / - • • .# ~ 118 ~
Seoond Set of Experiments;: • '-
EXPERIMENT NO, XXI XX2 XX3 XX4: :
WATER RATEp # 
(lb./hr.ft ) 2000 1500 1260 . 1000 + ..
AIR: RATE# p-- V "  ‘#  
(lb./hr.ft ) .
- ♦ 
865 865. 865
• • ^
 
CO
INLET. -■■■■' w.b. : 63.-7 65.0 65.8 : 66. p
Aik (°F) .T"“"
TEMP.' a°D’ .• 75.1 ; 77.5 , 79*0 80,0 ,
EXIT w.b. ^TE / 0 TH \ ,. 78.55 78.4 : 77.8 77-7AIK.( E/
TEMP. ,# #.. dob. / 02,0 82.4 ; 82.8 83.3
INLET WATER 
TEMP. (°F) 1 1 1. 1 110.3 111.0 . 111,3
EXIT WATER 
TEMP. (°F) 105.9
i
104.0 . 103.8 . 102.8 .
HEAT LOST BY 
WATER
(B.T.U./hr.) . ,Z •
. -10400 9450 9072 8500 \
HEAT GAINED . #  '
BY AIR . .#,, . #  - y \  
(B.T.U./hr,) .#'■;'
10740 9392 9201 . ; 8492., /,.
DIFFERENCE 340, 58" ' 129 8 ;
io ERROR IN ■ 
HEAT BALANCE -3.17 +0,61 -1,40 +0 ,1
ENTHALPY INLET
AIR . fi# ‘ • . 21.27 22.27 22.92 23.02
ENTHALPY 
EXIT AIR # 34.61 33.96 . 34,42 33.61 ,
DRY AIR RATE #J V #  ’ 856 :v‘ 856 ‘ 856 ; 8 56,
AVERAGE •' : ’ • :V 
HUMID HEAT T* 0.2469 0.2468 0.2469
' ••'/*? • , 1 , - ;;
0.2466
TIE-LINE SLOPE-#- , - - -0.745 # -O.715 . . -O.72 j -0.69 V ;
NO. .TRANSFER .
u n i t s * * #  7; 0.830 I ; • 0. 776 ]# O.77O 0.724 z
## Uncorrected for End Effects
TABULATED'DERIVED RESULTS
Second Set of Experiments
TABLE s 50 .
Number of Transfer Units (Nq ) gUncorrected for End-Effeets
NOMINAL AIR RATE I68O lb/hr ft2. .. ' '' . . . • = + = -
Water Rate.
(lb/hr.ft?)
. . Packed Height
j »1 ■ (
1M
 
1 
!
y •• -y h*. .ys:v ' 6f» 1.
1000 - 0*510 
0.511 0.682 ; 0.907 :-
1,149 
r 1.154
----- 7 T ~ ~
1.421 1
1260 0.530
0.525 0.715 ■0,975 /-
I .258
. : r 1.261 1,520 ' 1
1500 • 0.537'
0.552 0.752 .1,045 .r 1.353 . .1.636
2000.* * * . 1 * 1 0.6050.603 i . 0.828 1,166 y. r. 1.496 1.830 fi  7-  : : n---- -— " --
NOMINAL AIR RATE . 1260 lb/hr.ft
fi-: 1000 : , 0.623 0.648 0,8 1 6 . 1.123
' 1.393 
r 1.371 : 1.6*32
. 1260- . y. fi : 0.627" . 0.666 0.861 1.179 r 1.460 1.748
■ .V 1500 0.690 
0.679 0.896 1.240 r 1.530 1.873
2000 • 0 .73 3  '. 0 .730 0.958 1.286 ', r 1.658 1.957
NOMINAL AIR RATE 1040 lb/hr.ft2
• fi 1000 0.677/ 0.703 0.908 1.219 fi' 1.524 1.807
1260 0 .7310.728 0.939 I .265 1.670 1.895
'• .. - 15OO 0.747 _ 0,75.3... 0.968 1.378* 1.734 , r 1.942
2000• ; 1 • *
: 0.798 
0.801 1.052 1.362 1.798 2.078
NOMINAL AIR RATE 865 lb/hr.ft2
. 1000 fi'. •0 .723*
0.724 0,998 1.347 1,619 : 1.930 '• 3"
1260 0.7970 .770 1.023 ■' 1.368 1.670 2.010
7 1500 ' 0.914*0 .776 1.046 1,396 1.734 2.061
fi- 2000' 0.959*0.830 . I.090 1.499
. ■ ■ .■ j 
1.798
.5' 7-
• 2.181
* To be rejected in final analysis
TABULATED DERIVED1 RESULTS 120 -
Second. Set of Experiments
' '' : ’ ' ’ TABLE s 51
Number of Transfer Units (Na) t Corrected for End-Effects
  — -   --------- ------- ~---------------- - 't~ r -------p— *” — --------- ------------ - ---------"—
V NOMINAL AIR'BATE 1680 lb/to ft '
Water Rate 
(lb/hr.ft^)
Packed Height
,, •, ■1 1 *1 . °8 H . -• 6f» 10 i'! ' 13in
1000 0.0790.080 0.251 0.476
0 .718  
....0.723 0.990
.1260 o7$9i~’0.086 0.276 0.536
0.819 
• 0.822 fa ' 1*081
I5OO 0.087 0.102 0.304 0.604 0.903 1*186
2000 0-. 112 0.110 0.673 . 1*003 1,337
NCMINAL AIR BATE 1260 lb/hr ft2
1 0 0 0
O . O 7 S
0 . 1 0 3 . 0 . 2 7 1 0 . 5 7 8
0 , 8 4 8  
0 . 8 2 6 1 . 1 0 7
. . . 1 2 6 0
0 . 0 7 3
0 . 1 1 2 0 . 3 0 7 0 . 6 2 5 0 . 9 0 6 1 . 1 9 4
;• 1 5 0 0 0 . 1 1 3
1 . 1 0 2 0 . 3 4 3 ; 0 . 6 6 3 ; 0 . 9 5 3 1 . 2 9 6
2 0 0 0
0 . 1 1 3  
. 0 . 1 1 0 0 . 3 3 8 0 . 6 6 6 1 . 0 3 8 . 1 ; 3 3 7  j
NOMINAL AIR RATE IO4O lb./hr ft2
1000 0.0820.108 0.313 0.624 v O .929 1.212
. ,1 2 6 0. 0 .1070.104 O .315 0.641 ' 0.950 I.27I
1500 1.105Oilll 0.326 - * - 0.985 • 1.300
2000 0.1110.114 - 0.365 0.675 " 1.040 11*391'
NOMINAL AIR, RATE 865 lb/hr.ft2
1000 0.0830.084 0.358 0,707 0.979
— — - -— ----:—
1.290
' 1260 1.1170.090 0.343 / 0.688 0.990 1.330
1500 '*'■ - * 0.093 0.363 0.713 1.051 1.378
2000 0.103 0*363 0.772 • 1.071 1.454 • '
* Rejected in final analysis
TABULATED-DERIVED RESULTS -  1 2 1  -
Second. Set of Experiments .
' -*•' • fi TABLE 3 52
TIE-LINE .SLOPE .
NOMINAL AIR RATE s 1680 lb/hr ft2
Water Race. , 
(lb/hr ft2)
Packed Height . .
... s i 6§» ■' 10Y 13*!!
- 1000 v 1.000.94 1.18 1.25'
1.30:
1.33 1.40 ..
1260 1.07 . 1.02 '.y; 1-25 1.28;
1.38 . 
1.39
1
1.50
1500 •v 1.14 1.08 1-34 • 1.24 1.47 .. 1.58 .
2000 , : / ; •’
t— ..
1.20
1.20 1.40 . h 3 ° . ■ 1.58
L ,
1-70 !
NOMINAL AIR RATE 1260 lb/hr ft2
1000 0. 80 0.83 1.1 0. .'1.10 ,
. 1.15 
1.25 . 1/20
' 1 2 6 0  • y 0.88 . 0.86 • 1-15 1.20 1.32 =' 1.30
15OO . 0.95 fi 0.90 1.21 1.10 1*39 1-45
2000 1.025-
.__.0_.99 1.30 ' ... 1.20 . 1.49 1.60 Y.
v NOMINAL AIR RAI’E s 1040. lb/hr ft.2 . '*'v
■ 1000 0.72 0.71 ' 1-07 0.98 1 .1 8 1 1 .1 0 |
1260
'vj- 'vj" 
E— 
C"—
O 
O
. 1.14 1.00 1.27 • V 1.2 8 j
.1500 0.79 1 0.78 1.13 lol5 1.32 1.36 !
2000 ; . ;... ,| 0.89 . ~ 1 -“-0.87 - 1,22 : 1,40 1.44
... t
, v. i
1,50 !
NOMINAL AIR RATE .865 . lb/hr ft2
1000 0.68 1 Op 69' ' 0.98. . 1.00 I0O9'; • 1,13
: 1260 yO.730.72 Y  .1.03- 1.10 1.14 ■ . 1.24
1500 0.75,0.715 1,08 1;-17 1.20 '■ 1.28
2000 0.80 : , 0.745. 1.16 1 *25. _ ,1.31 1.38’
■ Second Set of Experiments
• •# ■ ' ’ ' TABLE ,8 53 .... ■ /■ ; ' . ■>..
Gas-Pilm Mass Transfer Coefficient (k^/a)** + ■ •
■' NOMINAL AIR RATE /. s 1680 IB/hr fi2. , .+•■•+ >
TABULATED DERIVED RESULTS . *; -£22#
Water Rate 
(lb/hr.ft2)
Packed Height ' ' . V
If". 3 4 H+ : . LP11 •.J2A . . -: 10 .t" •' ____ 2+ 1 .
' 1000 48.349.1 51.2 48.4
. 48.7- 
49.1 ; 50.3
#■•1260/# 55.7 . -Z, ■ -. ':•+ . 55.652 0 7 56.3 54.4 55*8 54.9
1500 53.2 6 2.5 62.0- 61.4 • 61.3 60.2 -
2000 ..A
i— • .. -.. - >
. 68.5
. 67.4 68.3 . 68.4 . 68.1 ... 67 >3... ,1
NOMINAL AIR RATE, 1260 IB/hr ft2 .Z.
. 1 0 0 0 , 35*9 . • 47.3 41.3 44.2
42.8 
42.1 -: +: ' 42.1#
: ' 1260 : + 33.651*5 46.8 4-7.8, ' 46o 1 ' 44.5
- / 1500 52.0
...46,9 +  52.2 - 50.6 • 48,5 + 49.2
2000 52.050.5 5 1 . 5 ■ 50.8 52.9 + 50.9
■ ' NOMINAL AIR"RATE “ 1040 lb/hr ft2 , # :#  —  -  ' ' ' #
1000 31.2 _ .41.0.. -- 39.7 , 39.6 38e 9 #  3 8 0 1: ;
. + 1260 : . 40.7 
.. 3£?_5__ 40.0 : 4.0 .7 39.8 40c 0
- I5OO \.. . ' 40.O 42.1 . 41.4 . ■ _ , *■ •41.3 40.9 /
.2000 42.3 ‘43.3 i- 46.3 1 42.9 43.6 -  43.7
NOMINAL-AIR RATE s. 865 lb/hr ft2
1000
■ —
38.2 36.7 34.1 +  33.8
1260 36.84 , 36.6 35.7 34.5 34.8 -,
1500 + * '■ ’ //' ■Z. 38.8 38.1 36.7 - 36.1 -
2000 - ■ 38.-8 41,3 ' .37.4 38.1 I
** Corrected for end effects
TABULATED DERIVED RESULTS . ' ■ - 1 2 3 - /
V. •' ’ 'Second Set of Experiment a . ■ fa • - ',lfa'fa.
T A B L E  s  5 4  : .
Gas-Eilm Heat Transfer/Coefficient (h„a)** , • ' ■ .fa:
NOMINAL AIR RATE •' s 1680 lb/hr ft2
Water Rate, 
(lb/hr.ft2)
; \ . Packed He i g h t / - .. - ■; / ■■
- I1 4tr J 8 w  • 10.* i3in
1000 /• 345.0
348.9 3660 6 348.1
350.6
353.3 363.3
• 1260•• : • ... fa/Jfa'.|
. 39 7.7
375.2 403.1 392.6
401.0 , 
402.2 397.3-- r
1500 j 380.5.... 445.5. ,.. 44.4 • 5 442.8 4 4 2 . 4 .. 436.7
.2000 .■ fa "'fa'. -.'V : . • . . : ' J
489.9. 
..481.0 / ...'491.1 ,..494.4.. : 492.4 .... 423.5 .
NOMINAL AIR RATE 1260 lb/hr ft2
1000 , ; ,, 256.5• 337.4 ^ 295.7 316.9
■- 308.4 . . 
303il fa- 305.2
126° 240.3336.9 335.4 343.3 332.9 330*0
1500 372.2334.3 _-315.2. 365.3 . 350.6 358*7
2000 372.5 360.9 . 369.9 367.2 382.8 .3 7 0 * 7 ..
NQMINAL AIR RATIlr./lO/O- lb/hr ft2 . '/fa"
1000 ' j *■ 223.0 291.7 284.6 284.5 'fa- . 281.9 fa - 276.1
1260 1 291.2281.1 286*7 292. 2 . 288.7 ' •' 290.0
1500 fafa .285.7 300.2 . 296.8 299.8 297.0
2000 | 302.4308.6 1 332*8 308.8 ..316.9 fa. 318.6
. : NOMINAL AIR RATE 865 Ib/lir ft2 • /•’: ■ - \ • ' / f a ' '
1000 - •274.O 263.7 ' ! 247.3 244*8
• 1260 fa . fafa-; 263c 8 262*8 256.8 fa-1 250.2 ^  v- ■ 252,6 fa-
1500 — 278*5 274.6 j 266*0 262.0
,2000 ... — . 279.6 297.8 -faI’- 2 71.3 fa/ -: 277*3
; Corrected for End-Effects . • • '  “ ' - i.'
TABLE 8 55 ■ ■
Liquid-Film Heat Transfer.Coefficient (bi,a) ■**
TABULATED DERIVED RESULTS
Second Set of. Experiments
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NOMINAL . AIR RATE 1680 r ftf
Water Rate 
(lb/hr.ft2)
Packed'Height ■ • - .
1« < 
±.e:____ ___ m. ■ 6f" 10*" • i 13*"
1000 : : , 1394.3. 1337.1 1753.4 1753.8
1836.4 ■ 
1891.9 2040.2
1260 I72 7.I: 1558.9 :-V: 2041.2 2020.8;
. 2223.-5 
2248.1 . > 52386.+
I5OO 1759.11957.5 ...2409.7 2207.6 2611.5 . 2759.7;
2000 !• i
. 2383.6 
. . . _ 2 3 ^ I 2771.3 ?22Li 3118.1 , ,3aaziij
NOMINAL AIR BATE 1260, lb/hr ft2
1000 . 833.31139.0 1316.2 1410.3
1427.4 | 
1524.7 1466.5
,1260 858.O , . 1283.2 fi. 1559.1 1663.8..: . - 1766.2: fi..H'13.5
I5OO ' I 433.41223.1 1837.7 . 1613.8 1956.2 2073.1
2000 ' - • 1546.6 1443.4 1940.4 .. 1768.9, 2284.1 2359.9
NOMINAL;AIR RATE 1040 lb/hr ft2
.1000 651.3844.0 1231.3 1126.0 1331.8 1215.7
1260 • ' 874.1 " 847.2' 1321.4 1179.1 1460.1 1483.7
1500 : •-;'.fi ' 915.7
953.0 1355.7 1581.0 1613.9
2000 IO9O .51091.7 fi 1638.5’ 1736.9 1821.2 1901.0
NOMINAL AIR RATE 865 lb/hr ft2
1000 fi ■ 1086.5 1062.9 ■ 1078.9 1106.6
1260 , 779.9. 1093.3 1137.9 . 1140.9 1251.8
I5OO
. *T\** v ? •■; . 1214.0, 1293.4 1278.2 •: 1338.9
2000
1303.9 . 1496.0 . 1421.6 1523.2
** Corrected for End-Effects
10.1* Procedure used in the analysis o f Pag© 125
the; Results’ •, / ‘ : ■
10.2* Pinal analysis o f  the Derived Results Page 156
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Procedure used in the analysis, of the results \ " •
As has/been stated previously? - the ■ experimentaly^taken were as 
follows i- . ‘ ’ ,
(1)' Nominal Air Pate (measured under ambient atmospheric 
-v : conditions). •> - Z- ' Z.;
(ii) Water Rate.
(iii) Inlet air wet - and dry - bulb temperatures.
(iv) Exit air wet - and dry - bulb temperatures. • Y;-
(v) . Inlet.water temperature.;- •; '/ z +
(vi) Exit water temperature. <■
These values were substituted into a heat balance to obtain a
rough overall’check on their accuracy. / • / • Z
In order to write a heat balance3 it is most convenient to. take,, 
the exit water temperature as the datum.. The cycle to be imagined iri 
one•in which 'all the. water is first cooled to this final temperature? 
and. that the heat so liberated is used to (a) vapourise some of , the V ' ' 
water at the exit (datum) temperature3 (b) superheat the vapour so 
produced to the exit -air temperature9 and (c) heat the incoming air to 
its exit temperature.
Henoe- s- . •.
GG Sl(tG 2 -
where A  ^  « latent heat of vapourisation of water at t1^ (BTU/Ib).
■ 1* , .... -
. ■ The:difference in value between the left - and right - hand sides
of this equation is expressed as a percentage error in closure based on
the quantity of heat gained by the air. Thus a,positive error of
closure indicates that heat is lost from the system? the heat gained by
iA
+ 0.45
( V "  Z
/ ■ ’.It will be. noticed' that the. experimental data provide the " 
Nominal Air Rate. The heat balance?- however? requires a knowledge 
of the dry air rate. This may quite easily be calculated by the. / 
expression s~ .*• . - ■;
’ Dry Air Rate ~ Nominal Air Rate -
1 + Water Content Moist Air
Once the heat balance had been calculated?. the remainder of the
procedure is largely graphical. •’,/
It is necessary to, calculate the enthalpies of the inlet and ■/
outlet air streams in order to locate the ends of the; operating line and
the condition’ curve. ' : ' *
The enthalpy of air may. be calculated according to the, following
simplified equation g- •/ * •
H - . S  (tG ~ 32) + / X 32 W /  , - ,
where ^  Is I^ -e. latent heat of vapourisation of water at the air datum
temperature j, 32°P ( ^ 3 2  25 1075*2 BTU/lb), .The operating line may then-
be plotted on the same diagram as the equilibrium saturation curve?
calculated? for this work? by the same equation as is used to determine
the actual air enthalpies.
The path of the condition curve is how constructed. It was found
that in every case the tie line slope was equal to or less than that
obtained by joining the mid-temperature/of the operating line to the:
point of intersection of a straight line produced.through the points •
on.the diagram representing the(inlet and exit air conditions? with
the equilibrium curve, In all cases this line(was taken as first
the air being less than the heat lost by the water.
trial tie-line, and the corresponding condition curve constructed.
From the general appearance of. this it was generally possible to 
predict the second.trial slope accurately enough for the third 
trial slope to have the. correct value, '
The method of construction of the condition curve is based on 
the Miclcley method, but two minor amendments;are introduced. . ;
Firstly, instead of carrying eaoh step out individually and com­
pleting one before drawing in the next tie-line, it is found to be 
quicker and much more accurate to draw all tie-line s- in at 1,0 BTU/lb 
enthalpy intervals along the operating line at the start of the 
construction. yy - ‘ '
. Secondly, the Miokley condition curve is constructed by assuming 
that the rate of change of bulk air.enthalpy with bulk air temperature 
is constant over a small section of tower,represented by one increment 
but alters from increment to increment. Thus* the change within an 
increment is represented by a straight line,: • This/is satisfactory 
inasmuch as some compromise must be reached in order that the curve 
may be constructed at all, however,Mickley draws his straight line 
within an increment, and since the number of intersections of tie- 
line s with the equilibrium curve is one more than the number of 
increments, the last increment is always,,igftored- Whilst it isYy. ' 
realised that the change in slope of the condition curve is probably 
negligible betweerf;the last but-one and the last inorement, it is?"'-: 
felt/that the construction is incomplete- It is proposed that for 
the present work, changes in condition ,curve slope should bo made! 
mid-way through an increment- In this way all the increments are,
used and the last point drawn on the condition curve coincides 
with the condition.at the top end of the operating line? instead \ 
of the condition a short distance down the operating line as is 
the,case with Mickley1s original method.
when the condition curve has been constructed correctly? 
the enthalpy driving force within the tower may be read from the 
graph as the vertical distances between the ends of .the tie-lines. 
The equation for the mass transfer whioh takes place is s-
' ** 128 •• ,
r ' "h, 25
. AH- - =' k„a M„P . /
II. ~ H1 rt*
G
Ga G j  dz
G - /
The'right hand side, of this equation may be integrated to give :
kG a Mg Pz * . • • ■ ' • >.*
/ . A ;
The left hand side is referred to as the number of transfer units 
required to effect the given operation^ is given the symbol of N^? 
and may be evaluated by the method of graphical integration? or by 
use of Stevens; ’f 1 factor (47) or by the log mean method.
All- three methods were tried? and as the cooling range is fairly; 
short in all cases and the equilibrium curve not far.from linear over 
these ranges? the agreement between the methods was reasonably good.
It was decided to use the Stevens !f 1 factor method as this gives an 
answer closer to that obtained by graphical integration than does 
the log mean method? and in a considerably shorter time than by the 
tedious graphical method*
The left hand side of the above, equation may be rewritten as 
' ‘ I i
H2 - Hl
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where H^ and are terminal enthalpies?
and (EL - H)^ is the mean enthalpy difference between the interface
and the bulk; of the air stream.
'■ The basis of the Stevens method is that 8- " V
.... (H. - H) = f(H, .... ~ H \ . . +■ v i 'm > i */. mean)■ - mean 7 ■ - -. / • -/
where. H. ; & II . - are the values of enthalpy at the mid water i mo cinmean
temperature in the tower?,, by which point 50$ of‘the heat has been./-'"' 
transferred. . f, . - ■;
The multiplier !f r is read from a chart developed by Stevens and 
published by Carey and Williamson (47). ,
This chart has ordinates § A H  H; 7 - H
- •• 7 * m 1: m
A H m
2 , Hi2 - H2
and . ' - A H  TT, tt
• ■/. . ra »  H.; -  H
___ fim
i m
H,:. - H.
11
Thus if1 may be read from the chart if values of the enthalpy driving 
foroe at the top? bottom and mid temperature of ..the tower are known or 
can be determined* , ■ ' ■ .
Substitution of the resulting value of the mean driving force in 
the relevant expression gives the Number'.of-'Transfer UnitsN^*
It w ill be apparent that although this result is derived from.. :
readings taken in the tower it does not truly represent the performance 
of the packing alone- There are various extraneous effects which 
contribute to the performance and to * which it. is:difficult to attribute 
a definite” fraction of the cooling- Such effects are those of water 
falling down the walls of the tower and of water falling as spray, 
above and. below the p a c k i n g - '  .V ■ ‘
There, is -little that can be done to correct .for wall effect with­
out? considerable trouble- The simplest thing to do is to make sure th; 
all the wall surface is thoroughly and evenly wetted and swept by the 
air stream, and then:treat it as though it were additional packing 
surface- The wall effect is much greater for towers of small cross 
sectional area than it is for large towers- It. is the difficulty/in 
correcting for it that leads to some doubt as to the applicability; of 
results obtained in such experiments in large scale work.
There are two possible ond effects- The top ond effect is an 
error introduced by extra heat and mass transfer to the air stream 
rafter it has left the top of the packing- This is not present in : ''
this work, as the water distributor design is such as to lead water,* 
streams directly down- on to the top of the packing element , there fiy] 
being a minimum of water surface presented to the air stream before it : 
spreads over the slats. Such .top end-effeots occur in apparatus in 
which the water is sprayed on to the top surface of the packing from 
spray nozzles sited some distance above the packing-
Y  There is a bottom end-offeot in Cooling Tower work which is 
.. generally unavoidable. This is due to water falling fi?om the bottom
packing element into the sump in the form of a spray. This causes an 
indeterminable amount of pre-humidification of the air stream before it 
actually enters the-5 packing. This may be corrected for by the method / 
used in the present work. If runs are carried out at a number of differeni 
packed heights? a corresponding number of results will be obtained 
for a particular Air Rate and Water, Rate. Thus a plot of against 
packed height will give a line which should be more or less straight y; 
provided the exit air is not saturated in any case. This line may . 
be extrapolated back to zero packed height to give the number of trans- "/ 
fer units corresponding to the effect of the spray immediately
beneath the packing.; • Alternatively? extrapolation'back to -zero N ' • '
y ' . . .  • 1 ■. ' Cr ** * *
will give;a value for the packed height haying an effect equal to that' 
of the spray. Values of obtained by the method mentioned above
were accordingly corrected for bottom end-effects by subtracting Np ? y
. . ■ • :* ■ . . ■ ; '■ y ' - - . .." 0  ;y
the value of corresponding to the spray.
The method of least squares was used to fit the best straight 
line to a plot of vs. packed height. It was found that the regres- y 
sion coefficient was close td unity . in all cases? indicating that?, 
for the present work? a plot of vs. packed height-is a straight ' y ;•
line. •,/ •.. ; y „ •.
The values of corrected Nn can then be used to calculate kna.
u . , ’ / ' U ' •
All runs.were carried out at atmospheric pressure. There was little ‘ Cy 
deviation in the ambient pressure from 29.92 in Hg? therefore P?.in:the • / 
expression*for k^a was. takon as 1.0 atmospheres throughout.
The value for h^a? the gas film heat transfer coefficient can be *’• /
h^ , ■ . . ■ -
: . y.:'y> W -  "#>' : /■ y  fi . y  - y y  fi.y, y
where S « average humid heat in the-tower* •'
. ;Firther? h^a may be calculated .from the expression / / ' zfiyfi.-yZ
^La « tie line slope. . fi V ;J
. , ‘ k^aM ^P .V  . y f i  • •. . /.: . ■ . y - - z  / ■ y | f
The following typical calculation shows the above procedure
in detail. y v ... , - .y' y  ' • Z  : , ‘ • •■'##/./ ; z Z
Run B333, ? •, - y  1
(1) Packed height g 12. slats = 1  ftv; lj in. Z Z Z  . Z  Z / y 1 ZZ
(2) ' Nominal Air rate s. 1260 lb/hr,ft.2.
(3) Water Rate 2 1260 lb/hr,ft,2Z. ■ z  Z Z z  ;Z
(4) Inlet air. temperatures 2 wet bulb 2 71®2°F. ' ; ;-
■ ‘ : • • " ' • Z"- • • . dry bulb : 78® 3°F,y.fi Zv>- y y
$ humidity 2 70®7$ *
(5) Water content of saturated air at 78.3°F « 0.02108 Ib.H^O/lb.dry air*
(6) Water content 70.7$ saturated.air at 78i30F« « 0*707 x 0,02108 f i . f i
'Z ’ O0OI49O lboH^O/lb.dry a i r , "  yd
(7 ) Humid heat of inlet air a 0,24 + O .45 Wy
' Z.fi: = 0.24 + 0.45 x O.OI49O ; ; ' ■ ' ‘fifiZ -fi
= 0,2467 BTU/lb,dry air.°F. * .
(8) Dry Air Rate « Nominal Air rate ■ • z ' 1260 zfi-
Water Content Moist Air + 1  , I.OI49O
= 1242 lo/hr.ft.2 , ••.; -
(9) Exit air temperatures s wet bulb z 90<.1°F
Z dry: bulb s 90,3°F ■ V..\ .zy,; : *
$ humidity s 99*2$
- 1 3 2 -  '
evaluated for any set of conditions :by use; of ,the Lewis relationship
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(10) Water content saturated air at 9°»3°F « O.O315O lb.H O/lb#dry air.
(11) Water content 99*2$ saturated air at 9©* 3°F • , , '
- O .992 x 0.03150 - 0.03125 lb.HgO/lb, dry air.
(12) Humid heat exit air - O .24 + 0.45 x 0.03125 - V ,.Y\~.
W  .0, 2541 BTU/lb.* :-dry air. °F.
(13) Water vapourised into air stream - (W^ - W^)
« 0.03125 - 0.01490 - 0.01635 Ih.HpO/lb.dry air. -
(14) Water, inlet temperature - 110.0°F. , , ;
(15); . Water outlet temperature - 90«3°F, ”
(16) Average humid heat in towor « (0.2467. + 0.2541) -j- 2 - 0.2504 
-Y\. BTU/lb. dry air, °F. YjY
* Values taken•from"a table of "Relative percentage humidity of air _V 
from readings with ventilated wet - and dry - bulb thermometers" ‘
reproduced in "Technical Data on Fuel" by H.M. Spiers 5th Edition, .* *
by permission of Messrs. Regretti and Zambra Ltd.
** J.A.Goff and S.Gratoh s Thermodynamic properties of moist air
y V at atmospheric pressure.
Heating, Piping and Air Conditioning 17, 334~348, (1945). ;
The relevant values may now be substituted into the heat 
balance equation as follows 2-
1242 (0.2467X 90.3 - 78.3 ) + 1 2 4 2 (0.01635) 1042 + 0.45 (90.3 - 90.3 )
. = 1260 (110.0 - 90.3) ' '
T
Z
M
ff
if
A
T
iJ
a
r
 
~
or 3677 + 2 1 1 6 0 t  0 ». 24837 * 24822
error - -1‘5 B.ToU./hr
. $ error = - 1* / 24831 = -°-06^ ■
It,will be seen that in this case the.air apparently picks 
up more heat than is lost by the water. Thus there is a negative error 
in closure. •’ . ’•
The enthalpy of the air streams may be calculated according to 
the equation H « S(t^ - ’3 2) + 1075*2 W.
Thus •— / ;■
Enthalpy of inlet air stream s •. • . .
H = 0.2467 (78.3 - 32) + 1075.2 x 0.01490 
*' 11«42 + 16.02 ..
= 27.44 fas.T.U./lbs. dry air. ’’ -.
Enthalpy of exit air stfeam §
fa: , ■ ; H2 = 0.2537 (9 0 .3 - 3 2) + 1 0 7 5 .2 x .03125 .fafa
= 14.81 + 33 .60 • fa/
= 4 8 .4 1 B.T.U./lb. dry air.
; The operating line is now plotted on the diagram. The
correct condition curve is then constructed by trial and error.
In this case the correct tie-line, slope is -1.30. ( See.Figure 8 )
■ . It is now necessary to determine the driving force at the 
top? bottom and mid temperature in the tower from the diagram g
Driving force at top = 62.60 - 4 8 .4 1 « 14119 B.T.Uc/lb.dry air
/ Driving force at ‘bottom := 38.28 -+27*44" m 10.8 4  ,f 11
Driving force at mid temperature = 49*80 - 37*98 »' 11.82H 11
^  u. >
U* V O
Now (H. - H) = f(II. - H vx i 'm ■ x mean mean;
the ordinates of the *f 1 ohart are A H  , A  H.. .. . . • - ■ . m and . m
“ 1 3 5
A H - 2
From the above values s-
A  Hm = 11.82 B.T.Uo/lb. dry air
H1 = 1 0 .8 4 11 ii
; : 0 / A  H2 14,19 ' " ■ , " ” .v • '■ ’ • ' ' ■
Y . ^ H  11.82 ■ Q • • i A  H . ' 11.82
■ m - - 1 ,0 9 and ^  m = ■ == 0 .8 3 . .
^  Hi 1 0.8 4 .' ■ V‘: ^  H2 y; ’ 1 4 ,1 9 *
From the chart f. = .1,015
loan’ driving force = 1 .0 1 5 :x 11 * 82 /' • • v ■.
• ■-12.00 BoT.Uo/lb. dry air.
Thus N„ = H2 ;% -■ = ' 4 8.Al - 2 7 .4 4 ■ ". ' i ' ‘
i l~*
- ’• * * 1*748 /. - /y ' _  . ’ Y  .\. •
Thiw is the uncorrected value of for .this set of conditions 
From the graph shown in fig, 9 it can be seen that the value of In
for zero packed height, is 0 .554-0 ' ■ ■
Thus the corrected value of Np is I .7 4 8 -.0,5 5 4-» 1,194
. * * ( ■ T *“    M1  1 ji •"
k^a may be calculated from this value s- 
kQa = NG .G'G 1 .1 9 4 x 1242 x 12
.: " p . z .m „ "  1 ,0  x  1 3 ,5  x  2? ■
4 5*4 5 .lb.mol/hr.ft wetted surface atm.,-, •• . .
From this h^a may be determined g~
hQa ,  =  k Ga M GP . S a v  ?  . . • f i / ?  ■ y ; • f i
~ 45*45 x 29fix 1.0. x 0,2504 - - . y Y;. ' • • • . .
= 330.0 B.T.U./hr.ft2 °F.- :
-  h^a «  t ie - lin e  slope x k^aM^P
«  1.30 x 45*45 x 29 x 1.0 
= 1713.5 B.T.U./hr.ft2 °F
Results, both experimental and derived, are presented in tables 26 to 55.
10.2. Final Analysis of Results.
Tho experiment was planned in such a manner that a comprehensive 
investigation could be mado into tho e ffec t of tho d ifferen t factors 
considered together with the e ffe c t o f any possiblo interactions between 
these factors. The design o f the experiment \jas fa c to r ia l in nature and 
3 0  the operating conditions were varied in every possible combination o f 
the four d ifferen t Water Rates, o f the four d ifferen t A ir Rates and o f 
the fiv e  d ifferen t Packed Heights. Consequently the to ta l basic 
experimental s i .e was 4, ;; 4 x 5 ^ 80 settings.
The t ie - l in e  slope and the Number of Transfer 
Units are obtained by the graphical method described elsei/here. These 
values are used in the calculation o f the film  mass- and heat-transfer 
coeffic ien ts a fte r  suitable correction for ond-effects. Derived results 
are presented in Tables 50-55.
Certain additions and deletions have been mado 
to the basic experimental group. The results fo r  the lowest Packed Height 
were completely repeated. I t  was found, however,that a l l  the results fo r  
the lowest A ir  Rate at th is Backed Height were very highly scattered and 
generally below the expected trend. These values were accordingly rejected 
from the fin a l analysis. In addition, one value within the bulk o f the
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and similarly h^a *-
137
results ms rejected as being completely in error. For the purposes of 
carrying out tho necessary arithmetic steps in the numerical analysis, 
this result was replaced by the average value fo r  that Backed Height and 
Water Rate with'n the A ir Rato le v e l.
In other cases where tho Mickley method did not 
work, replicate sets o f results were takeh. these have been included in 
the analysis and the orig ina l values rejected.
The interpretation of the experimental results is  
not usual *y straightforward and the precision and reproducil i l i t y  of the 
results must be assessed. I t  is  fo r  this reason that s ta t is t ic a l techniques 
are introduced. The present experimental results have been analysed by a 
technique known as the ”Analysis o f Variance” • The r e l ia b il i ty  o f an 
experiment is  determined,* fin a lly , by the scatter of its  results, and one 
measure o f th is scatter is  the variance o f the rsu lts. Analysis of 
variance divides the to ta l experimental variance into additive components 
each associated with some factor o f the experiment and hence the re la tive  
importance of each experimental factor may be assessed
This technique was performed on the gas-film  
mass transfer coe ffic ien t, a fte r  this variable had been transformed by 
taking logarithms. The variance o f the whole series o f results is  divided 
into the following components
i .  Water Rate variance
i i .  A ir Rate variance 
i i i .  Packed Height variance 
iv . Interaction variance 
v. An estimate o f Residual Variance.
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The la tte r  is  a measure o f the residual va r ia b ility  o f the observations 
which cannot be accounted fo r  by the faotors considered in the experiment* 
This residual v a r ia b ility  is  fo r  a l l  intents ands puiposes the same as 
what is  usually termed the experimental error.
From the size o f the ra tio  o f the factors variances 
to the residual variance, the probability that there is  no difference 
between observations obtained from d ifferen t settings can be assessed.
I f  this shown to be inprobable, i t  is  reasonable to assume that some 
leve ls  of jhe factor studied w i l l  y ie ld  d ifferen t results from others.
In the particular ease o f the gas-film  mass transfer coe ffic ien t, the 
leve ls  of Water Rate and A ir Rate evidently had a pronounced e ffe c t on the 
results. The d ifferen t Backed Heights, however, had a less apparent 
e ffe c t yet su ffic ien t to warrant its  inclusion in further analysis.
The equations given in the litera tu re indicate that 
the relation  between the film  coeffic ien ts  and the operating variables 
should be o f the forai;-
Coeffic ien t = g£ Gg 
whioh may bc transformed logarithm ically into the linear re la tion :- 
lo g ( c o e f f t . )  = log + £logGL +  ^ logG$ + § log Z 
The data were analysed to best f i t t in g  equation fo r  the linear relation , 
using the "method o f least squares". In this method the " expected* error” 
associated with the equation is  also estimated and these error terms are 
quoted fo r  each equation. The quoted equations w il l  only y ie ld  an 
estimate o f a required variable, given the experimental setting, but 
when the error term is  considered as w ell then a range is  defined in which 
the required variab le  w i l l  almost certa in ly l i e  (with a 95% chanoe )•
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As tho influence of Biokod Height was uncertain i t  was
decided to estimate f i r s t  the best equation fo r  each Backed Height
separately* This resulted in the follow ing equations
Packed Height : i j  inc
kGa = 0.017 Gl0 *3 5 9  Gg°*744 *  9 . 6  ( 20.1$ ) ------- i .
Packed Height : 3§ in.
kGa = 0.065 Gr,0 *2 5 3  Gg° * 6 6 9 + 5.5 ( 11. 7 $ ) ----- i i .
Packed Height ; of in..
kGa = 0c 076 GfX 'SSl <^0.051 + 6# 8 ( 1 4 .7 % ) ---- i i i .
Packed Height : 1 0 J in.
kQa = 0o052 Gq, * ' 4 4  1 4.3 ( 9.4$ )  iv .
Packed Height 2 13j in.
kGa = 0.033 GL°*270 q^O.743 + 5# 8 ( 8.4$ ) -------v.
These equations only hold within the experimental lim its o f 
the operating variables.
The approximate agreement in the values o f the 
exponent on the A ir and Water Rates was considered to be good enough to
warrant the development o f a single equation to oavor th© four highest
Packed Heights, the lowest height being excluded by virtue o f the 
abnormally large exponent on the Water Rate. This w i l l  be discussed in 
greater d e ta il inthe next Section.
The resulting composite equation is  as follows 
kga = 0.041 Gl0 *2 6 2  Gg0 , 7 2 4  Z" ° * 0 0 9  *  4.1 ( 8.9% ) —v i
The exponent on the Picked Height is  very low, showing that tho e ffe c t 
o f .his variable on kGa is  almost neglig ib le  and that i t  could, without 
much additional error, be excluded from the analysis.
The equations for the gas-film heat transfer
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coe ffic ien t vary from those fo r  the mass transfer coo ffio ien t only by 
the inclusion o f the term MqPs.
i . e .  hna = k(ja MgPs 
Nov/ Mq = 29 and fo r  th is work P = 1 . 0  atm.
Thus h^a = 29s k^a in a l l  oases.
The equations for the variation o f the t ie - lin e  
slope, -hj(8. /  k^aiy?, with the three major operating variables wore 
developed 5 \ the same way as fo r  the gas-film  mass transfer coe ffic ien t.
A ll the experimental results were used in the development as i t  was f e l t  
that there were no serious divergencies from observed trends in the figures.
Tho following equations, therefore, hold ovor tho whole experimental 
range
Packed Height : l j  pn.
t ie - l in e  slope = - 0.0009 G^ 0 , 2 9 5  GG°*670 J 0.05 ( 5.4% ) ___v i i .
Packed Height : 3 § in.
t ie - lin e  slope = -  0.025 G^ ° * 2 1 6  Ga° * 3 3 1  ±  0.06 ( 5 . 1 % ) —v i i i .
Packed Height : 6f  in.
t ie - lin e  slope = -  0.020 g^ 0 *3 0 0  Gq0 *2 7 2  £ 0.21 (17.8% ) ------ix .
Packed Height : 1 0 & in.
t ie - l in e  slope -= -  0.023 G^G.248 a^O.317 +0.07 ( 5 . 3% ) ------- x.
iH'jkud Height ; 15^ - in*
t ie - lin o  slope = -  0 . 0 1 0  G^ 0 *3 5 2  G&0 # 5 3 1  ± 0.15 (1 0 . 9% ) —  x i.
In the same way as fo r  the gas-film  mass transfer coe ffic ien t the exponnnts
on the A ir and Water Rates compare quite favourably in four out o f the
fiv e  equations. Once again, hov/ever, tho equation fo r  tho lov/CBt Packed
Height d iffe rs  quite markedly from tho others, the exponent on tho Air
Rate being twice as large as. in any other case.
I t  was f e l t  to  be ju s tifiab le  to develop a
composite equation to represent equations v i i i  -  x i to  include a term
fo r  Packed Height • The resulting equation is
t ie - lin e  slope = - 0.026 q^ 0 *2 5 0  G^ 0 *2 7 9  z0 *0 3 6  2 0.17 (13.4$ )
— —  x i i .
Equation-* fo r  tho liqu id film  heat transfer coe ffic ien t were calculated
according :j the relationship
■——^ v ~ -  = t ie - lin o  slopo
k^aiiQ p
or h^a = ( -  t ie - lin o  slcpo ) x kQ<a.MQ..P
Now Mq. c 29 and P = 1.0 atn. fo r  this work,
thus tho equations fo r  h-j-a w il l  bo
Packed Height : l j  in.
hLa = 0.0004 G+ " 6 5 4  Gg1 * 4 1 4  ---------
Backed Heights s S-|, 6§, 10j$ I3g in.
hLa = 0.0515 Gx,0 , 5 1 2  Gg1 *0 0 3  2 0 , 0 2 7   x iv .
The fin a l results may therefore be completely represented by two sots 
of equations ; the f i r s t  pertaining so le ly  to tho lowest Packed Height, 
and the second being broader in scope and applying to the remainder o f 
the data.
The equations are summarised on tho next page.
Faoked Height : l-J. in. ( Equations not va lid  fo r  Gg = 860-885 lb ./h r.ft?  )
k&a = 0.017 Gl° ' 359 q^O.744 ± 9t6 ( )  i .
a^a — uQq s*kQ.a
t ic - lin e  slope = - 0.0009 G ^0295 Go0*670 ±0 .05 ( 5.4% ) ___v i i .
hj-a = - 29 x k^a x (t ie - lin e  slope )
-  0c 0004 Gj,°. 654 (^1.414  x iii#
Packed He:1. ,Rits : 3§, 6f, J.G& & I 3 I  inw
kGa = 0.0412 c/0*868 Gg0"724 z“0,009 t  4.1 ( 8.9^ ) —v i.  
h^a = 29.s.kGa
tie - lin e  slope = - 0.0264 G^ 0®250 G^ 0®279 2^.036 ±0 .17  ( 13.4% )
.  x i i .
h^a = - 29 x kQ.a x ( t ie - lin e  slope )
= 0.0315 G.Y.5I2 Gg1.005 z0.027 __ ^
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Second Set of Results
The results obtained in the present work show several important facts, 
the ch ief of which is  that the liqu id  fxlm resistance to heat transfer is  
fa r  from negligible# Ii; is  d if f ic u lt  to estimate the importance of th is 
resistance in relation  to the total, resistance to transfer as i t  has been 
found to be very d if f ic u lt  to obtain an accurate value fo r  i t  from the 
data obt*-' ..:ad by experiment. The reasons fo r  this w il l  be discussed later#
It is  quY clear, however, from the fact that the t ie  lin e slopes deviate 
markedly • **£u tho vertica l* that the assumption of zero liqu id  film  
resistance commonly made in Cooling Tower work is  incorrect, and that 
results derived on this premise are suspect.
The results have been correlated by equations given in the previous 
section. Comparison of the results obtained in this work with those of 
previous workers is  ch ie fly  lim ited to the gas film  mass transfer coe ffic ien t 
since data rela ting to the other coeffic ien ts  and the t ie  lin e  slope is  very 
slight# The majority o f the other results available describe the heat and 
mass transfer process in terms o f an overall coe ffic ien t without attempting 
to break i t  up into its  components, thus direct comparison of absolute 
values is  d ifficu lt*
The values obtained fo r  the gas film  mass transfer coefficient, in  the 
■present work appear to be rather low# I t  must be remembered however, 
that they were obtained fo r  very small packed heights# The magnitude o f 
the liqu id  film  resistance has a marked e ffe c t on the value o f the mass 
transfer coe ffic ien t. I t  may be said that the smaller the slope o f the t ie
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line^ the greater w ill  be the liqu id  film  resistance re la tive  to the gas 
film  resistance and the larger w il l  be the gas film  mass transfer co­
e ffic ie n t. Thus, in fact, values o f k^a would have been smaller s t i l l  
had the t ie  lines been ve rtica l, as the mean driving force would have been 
larger making the Number o f Transfer Units corresponddngly smaller. 
Comparison of absolute values o f k±a with other results is  d if f ic u lt  since 
those obtained in the present work apply only within the extremely narrow 
range of packed height used. Equations have been enveloped, however, 
showing the variation o f k^a with the major operating variables. These 
may ju s tifiab ly  be compared with those appearing in the literature as in 
th is case the Overal l  coe ffic ien t would be expected to undergo the same 
variation with operating conditions as the film  coe ffic ien t, p-»"Ovided that 
the e ffe c t of variation of the t ie  lin e  slope on the gas film  mass transfer 
coe ffic ien t may be ignored.
I t  was stated in the conclusion to Section 3 that the mass transfer 
coe ffic ien t could be expected to vary with the gas rate to the power
0 . 6  -  0 . 8  depending upon the degree of turbulence present within the gas 
stream in the packing. Tho lower power corresponds to the conditions 
within a tower packed with broken rock, coke etc, and the higher power to 
conditions within a wetted wall column. A slat f i l l e d  tower suoh as was 
used in the present work may be said to approximate more closely the 
la t te r  type of tower and values o f 0 . 7 2 4  and 0 . 7 4 4  fo r  the values o f the 
exponents on the gas rate fo r  the four largest peeked heights and the 
lowest packed height respectively are considered to be very reasonable.
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The experiments were designed in such a way that the water rates 
used straddled a value o f 1300 lb/fcr.ft^ which is  approximately the Mean 
E ffective Liquid Rate fo r  the type of lacking used in this work. I t  has 
already been explained that the mass transfer coefficeht increases quite 
rapidly with water rate and thereafter only very slowly, i f  at a l l .  The 
value o f 0 . 2 6 2  fo r  the exponent cn the water rate fo r  the four largest 
packed heights is  considered to be a l i t t l e  high. I t  is  just possible 
that the degree o f wetting o f the walls o f the towo:'* varied with water rate. 
I t  was hop".d that such wetting would bo canplete at the water rates used, 
and as fa r  as could be observed, a lbeit at the bottom o f the tower at a 
point immediately beneath the packing, th is was so. The high value fo r  tho 
exponent on water rate seems to indicate that nearer tho top o f the 
packing the water did not completely wet the wall. This would result in 
non-uniform performance since, in  th is work, the wall is  to be considered 
as part o f the packing surface, resulting in a water rate e ffe c t not 
s tr ic t ly  comparable with the e ffe c t associated with the packing i t s e l f .
The value o f 0.359 fo r  the exponent on water rate fo r  the lowest 
packed height is  considered to be very high. A ll the results fo r  th is 
packed height are badly scattered, and in  retrospect i t  seems doubtful 
whether they have any value, except that they may show what is  approximately 
the e ffe c t o f the spray on the performance o f tho tower. The high value 
here may be p a rtia lly  explained by the fact that although water ''was d is trib ­
uted to 6 6 points on the top s la t, i t  may not have been completely wetted 
at any water rate. Norman ( 4 6 ) showed that water distributed from a point
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down a .ane surface spread in the shape of a parabolic fan. This 
occurred in this case and also some water ran along the top of the s la t. 
Y/hen two streams, from d ifferen t distribution points, met on the slat they 
should combine to wet i t  completely. However, i t  was noticed that, at this 
low packed height, the bulk of the water introduced on to the top of the 
slats from the secondary distribution troughs tended to run down the sides 
of the slat and o f f  at a point immediately below the point o f in it ia l  
contact as a broken stream* In such a case i t  is  q xite possible that some 
sections c f the slats were not properly wetted, and that the wall surface 
area enclosing the single element was hardly wetted at a ll*
The e ffec ts  of th is incomplete wetting of the top element would 
contribute to the water rate e ffe c t at a l l  other packed heights, but i t  is  
considered probable that water flow  on the second and subsequent elements 
was normal, the expected degree o f wetting being obtained.
The value o f -0.009 fo r  the exponent on packed height fo r  the four 
largest packed heights is  not considered to be of very great significance. 
Neither the size o f the incremental changes nor the to ta l range o f packed 
height were very great and i t  is  considered that fo r  practical purposes, 
fo r  the range considered, the e ffe c t of packed height is  neglig ib le . I t  
w i l l  be noticed that the range o f packed heights covered in this work is  
considerably below that generally used both in previous experimental work 
and commercial practice. The useful app licab ility  o f the results is  thus 
severely restricted. However, as has already been mentioned, the range 
used was dictated by the fact that the exit a ir  was required to be
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unsaturated on leaving the packing in order that the Micldey method could 
he used to evaluate the results# I t  is  o f considerable interest to note 
that the a ir  stream is  almost completely saturated a fte r  passing through 
the f i r s t  foot o f packing and its  attendant spray, and that the equations 
developed fo r  unsaturated conditions compare very favourably with those 
derived from cases where the outlet a ir  was often saturated and where, 
presumably, ’’fogging" occurred on many occasions#
The gas film  heat transfer coe ffic ien t is  obtained d irectly  from the 
corresponding mass transfer coefficient# The accuracy o f an equation 
describing its  variation with change in the major operating variables w ill,  
therefore, be of the same order as that fo r  the mass transfer coefficient# 
An additional factor is  however introduced by the inclusion o f the humid 
heat in  the correlation# The in le t a ir  was not preconditioned in any way, 
thus no control was exercised over changes in the average humid heat 
occasioned by d iffe r in g  atmospheric conditions. Broadly speaking, th is 
quantity decreases with packed height, but i t  also undergoes a more or less 
random variation within a packed height group of results as a direct 
result of normal atmospheric changes# On the ■whole, i t  was f e l t  to be 
wiser to omit the average humid heat from the correlation and to quote the 
equation fo r  th is coe ffic ien t as the product o f the Molecular Weight o f a ir , 
the equation fo r  the gas film  mass transfer coe ffic ien t and the average 
humid heat fo r  each individual case#
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In no case is  th is slope greater than -1*70 indicating that the liqu id  film  
resistance is  o f considerable importance over the range o f packed heights 
used. The t ie  lin e  slopg increases very slowly with an increase in packed 
height, indicating that the liqu id  film  resistance decreases with such an 
increase. As has been mentioned in a previous section, the derivation o f 
the Lewis relationship assumes zero liqu id  film  resistance, therefore 
estimation of the gas film  heat transfer coeffic ien t using th is relationship 
is  unsound. Unfortunately, there is no satisfactory method at the moment 
fo r  separating the e ffec ts  o f the packing and the spray beneath i t
on the t ie  lin e  slope or the humid heat.
I t  is  possible to correct the Number of Transfer Units and hence the 
gas film  mass transfer coe ffic ien t fo r  end e ffects  by the method previously 
described, however, such a method could not be applied to either the humid 
heat or the t ie  lin e  slope. I f  the assumption is  mad© that the heat and 
mass transfer process occurring in the volume of spray fa ll in g  beneath the 
packing may be represented by that taking place in an ’’equivalent" packed 
height, the results could be recalculated fo r  a series o f "total." packed 
heights each being made up from an "equivalent" and an "actual" packed height. 
In th is way, i t  would be possible to overcome the d iff ic u lty  o f correcting 
fo r  end-effect at a l l .  The disadvantage o f the "equivalent" packed height 
concept is  that i t  is  not a constant, but varies with a ir  and water rate, 
a lbe it only s ligh tly . Such variation as there was, however, was su fficien t 
to make correlation o f the results in terns o f A ir  Rate, Water Rate and
Tho results obtained for the tie line slope are of particular interest.
Packed height ve iy  d if f ic u lt ,  as i t  became impossible to group the data 
under defin ite packed heights in the symmetrical pattern necessary fo r  the 
method of analysis used.
The end corrections were, therefore, made in the manner previously 
described, but i t  is  pcdnfccd out that values quoted fo r  the gas &nd liqu id  
film  heat transfer are subject to an end correction, the magnitude o f 
which is  not known.
I t  is  in teresting to examine in greater deta il the end corrections 
made to the Number of Transfer Units. In .order to reduce the turbulence 
in the a ir  stream before i t  entered the packed section a fa ir ly  large free 
volume o f tower was provided immediately beneath the packing to act as a 
calming section. This has resulted in there being a very large end e ffe c t, 
being as much as 83% o f the uncorrectcd fo r  the lowest packed height 
and as much as 35% fo r  the highest packed height. A lternatively, the 
correction may be expressed in  the foim o f an "equivalent" packed height.
I t  was found that this value varied s ligh tly  with A ir  Bate, but that, within 
an A ir  Rate le v e l o f operation, i t  varied but l i t t l e  with Water Rate 
"Equivalent" packed height at A ir  Rate = 1680 Ib / W .ft2 5*0 -  6.0 in.
it ii ii .». in «t 12£o 11 5 . 9  -  6 . 5  in.
«» .. it m it 102|0 it ii it ^ 3  .  6 . 6  in.
nr. m I. II. II 8 6 5  ” " " § . 5  -  6 . 8  in.
The magnitude o f the end correction applied to N-, serves to underline
Or
the necessity o f e ffec tin g  a sim ilar measure on the t ie  lin e  slope and 
humid heat fo r  the system. This has been found to be not possible in the
-  1 4 9  -
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present due to the design of the equipment. I t  is , therefore, unlikely 
that the results w ill  have any absolute value, but then, neither have any 
other results which do not allow fo r  th is. Comparison o f the equation
obtained in the present work fo r  the liqu id  film  heat transfer coe ffic ien t
with that obtained by McAdams et a l. (40) shows quite good agreement. 
McAdams1 equation: hj-a GG*7G GTG*^G
new equation: h^a oC q. ^
Yoshida & Tanaka (50), however, using a technique very sim ilar to McAdams' 
obtained an equation having the fom :
V ^ Gi ° ‘ 8
McAdams also quotes an equation correlating the t ie  lin e  slope in terms o f
liqu id  rate only fo r  a l l  A ir  Rates. This has the form:-
t ie  lin e  slopi X  G G* ^
Jj
The equation obtained in the present work d iffe rs  appreciably from t ’J.s, 
both in  the exponent on the liqu id  rate and by the inclusion o f terms fo r  
A ir  rate and packed height. I t  must be remembered, however, that McAdams1 
method of analysis was quite d ifferen t from that used in the present work, 
and that calculations based on a comparison o f an "adiabatic” run and on 
water cooling run may bc misleading. I t  is  considered, therefore, that the 
results o f the present work are the more satisfactory since a l l  relevant 
data is  obtained from a single run.
Although i t  is  not possible to correct fo r  end e ffects  in  the above 
case, i t  is  o f considerable interest to try  to see i f  they a ffec t the form
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o f the correlating equation at a l l .  I t  has been shown that the "equivalent” 
packed height due to the spray is  about 6 in, I f  th is is  assumed to be 
constant throughout, and the spray is  assumed to be affected by variation 
in a ir  and water rate in approximately the same way as the packed section, 
then the exponents on the a ir  and water rates w il l  not be greatly altered.
The exponent on the packed height v a il,  however, be reduced since the actual 
rate of change of packed height with “to ta l"  packed height w i l l  be smaller 
than the apparent rate of change.
The equations obtained fo r  the film  coeffic ien ts  and the t ie - l in e  slope 
show that the Micldey method is  capable o f giving good results i f  carefu lly  
used. There can be no doubt that i t  is  poten tia lly  the best method available 
fo r  the detemination o f the individual film  coefficients. Its  rather narrow 
range o f application, however, precludes its  use fo r  commercial useffiere 
the outlet a ir  from the tower is  invariably saturated. I t  is  known that the 
mechanism of heat and mass transfer from water to "fogs" does not fo llow  the 
accepted form fo r  water cooling apparatus, thus there is  l i t t l e  advantage in 
knowing film  coe ffic ien ts , and using them rather than overall coe ffic ien ts
in cases where neither rea lly  apply. The answer is  to  design water cooling
*
Iw
equipment to operate withyjvery precise lim its and in such a way that the 
ex it a ir  is  always unsaturated. This is  quite impracticable, since industrial 
equipment must necessarily operate under a l l  manner o f atmospheric 
conditions from cold and dry to warn and humid. Such variation w il l  in ev it­
ably control the outlet a ir  temperature fo r  a given water and a ir  loading, 
and to design a tower fo r  the worst case where tho a ir  leaves just saturated
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would be hopelessly uneconomic, the more so because cooling towers work 
quite sa tis fac to r ily  under grossest overloading and lack o f attention, 
owing to the high overdesign factor inherent in the uso of an Overall 
coe ffic ien t.
Thus whilst i t  is  considered that the Mickley method provides a clearer 
picture of the mechanism o f simultaneous heat and mass transfer, i t  is  f e l t  
that its  application is  severely lim ited un til i t  oan bc developed in a 
simpler form to cover a l l  possible combinations o f the major operating 
variables*
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APPENDIX I
r i s  t o  b e  / a n  O r i f i c e  p l a t e  d e s i g n e d  a c c o r d i n g  t o  t h e  S t a n d a r d s  l a i d  d o w n # ;  
fi: S .  S .  .1 0 4 2  (1 9 4 3 ) '  w i t h  j )  a n & P  / 2  j p r e s s u r e .  t a p p i n g s .  ’ y  ’ ; 1 • Z
A.1#1.Design and Calibration .of Orifice Meter in.Air, Circuit zfi - + - :.Z ' • -Zyfi
. The pressure differential device to be used for;. the measurement of air >: 
fiov/
in B
Basic Conditions . y
Maximum Rate of Flow fiy-fi .» Q 3 30,000 ft^/hr
•••;■■' ■ ■ > ■ ' . : /  ■ ■ ' . ' +  . =  c  50 0  f t 5/ m in .  y  :
Maximum, differential head « h. 3:1.5 inches .-'fi' . y y  ’ ■'.##'
Diameter of .main;. ; ' fifi ’ . 3 D » 6.0 inches/ fiyL ' :
Temperature of .gas in main« t 3J-6«0°F (average) + : : ■ •■- ?• ; •
Absolute temperature of gas« T- 3 520°F abs. Z  y y  fi - ‘ .fi y-' • .'-■yy ■ . y-y :/z." • • • D+fi.:• •• y'';y ■ ’++ •. '
Static pressure -fi .fi« p ^ 0)a 5 in w.g.=s 5 x 0,03604 = 0.18020 p. s. i.
Atmospheric pressure a Po fi; “ 30 in Hg-,(average) « 14*70 p.s.i. y
Absolute pressure V a .14,88 p. s.i.a.
Relat ive Humidity of gas in main . » 70$ (average) ?; / ■ • yfi fi#. fi
' //'fi. fi .. therefore > 0  .3  0.7 ,.//#■ .++■#• ‘yfi •'
Required to find orifice diameter 3 & inches
Flow fomula for use :> (from' BSfifi i042; (1943))
■fi +• y y  / ' 7.859  x  D  fi, X /Jil fi X P^-V N yy-: '.fifi; fiZfifz-5 ■; :-M
S.
For air S 3 fispygr. dry gas relative to dry air at same temp & pressure
fi'fir fi.- fi.z - •+: • /-Vififi -y \.#z :z- . fi+fiy ( forair . f £ 3  .1,0
N 3 a moisture factor (for dry gas/ or air #=' 1.0)fiy#y/ ■ fiy y _#y;#y.
The density term of the above equation is
‘now = 14.88 p. s.i.a. T^ = 520°F abs.
P ■'
n ,“ S  X  H
V
The correction factor. N is evaluated from data sheet 13* From this sheet
2w = Absolute pressure of water vapour in gas lb/in 
= 0,18
therefore _fb = = 82,7 = B. therefore N = 0.985
W
therefore , c Z m E = 30,000 _______ >
= 30,000 = 0.5205
5 7 ,7 0 0
now C= Coefficient of Oils charge of the orifice j the ratio of the ..actual 
discharge to the theoretical discharge calculated from the elem­
entary energy equation
1 ■E- — — . Velocity, Approach factor
• . :/  1 -m  :Y  , - 0 0 : -  ' ' ' ’ V Y -  >  ' .. • •
Z= A combined multiplier i the product of three separately specified 
multipliers for viscosity,YR& pipe size D and expansion e
m= Area ratio ; a % 2 .  f i Y - ; ?  ■ Y | Y  . / Y  . ' f i Y ' "
From D. S.7, assuming Z = 1*0
an approximate value of m = 0.645
■  ^ y -  ‘ .■ V V Y  '• 0  =  0 .6 1 0  ‘;v ■ • ’ ■' ' ' Y
therefore CZmE = 0.5205, ~ ^ /
—oT6To ° * 853 =  m E

\  ' f i  " 1 5 8  A Y ' "  A
: \ r) ■ ' ■ •
Corresponding value of /D = 0*8055
therefore approximate, value of d . y
; , ’ ; ' 0 0 6  x  0.8055 ;== 4 .8 4  in -
Reynolds No. R, - fi- — — J2»222.— -i— --
,2,1.1 x 4.8fi x 177.fi- x 10
■ v : Y  ' 2 .11 d
where = viscosity of air at 60°F (f.p.s, units)
therefore = ' 1 6 5 ,5 0 0 • ,:
Multiplier for R^ from fig. 19b D/S..7. = 1 .01 ",
Multiplier for D from fig. 19c D.S.7 =1*003
' » ’ ,« ■ 1 
Multiplier for W :=, Y C  . 1,
v Value of Z a product of three multipliers = 1.01 x 1.003 = 1.013
. • - therefore C Z m E  = 0.5205
cm E = 0.5205 • = 0.515
; Y  ^ ■ Y , , :,,fi/-1.013 Y>/v\ ;•//.; y Y a - -  , •■',:///
therefore approx. m = O.64O : fi‘" ’ : .
C = 0.6095
therefor© . - 1  OZmE , =  0.5205 =  O .8 4 5 : =  - m  E  a  a y  . • - / a  y
' xmm-yCZ ■ •/ o/^095 x 0,013 V ' ■ / y?Y ■- ■ ' ;:.‘V  *. Y
corresponding value of /D = 0.8033
therefore & = 6 x 0 .8 0 3 3 /= 4.82 in.
A11 orifice of diameter 4.75 in was Constructed, -this giving a maximum 
pressure differential of 1 .6  in which was considered satisfactory.
A graph of Air Rate (lb/hr) against manometer head h (inches) was? 
constructed -for the theoretical case* This is ‘.shown in figure 10.
iA . 1 . 2 . / C a l ib r a t io n  o f  Ori f ic e :  P la te , '/ . : y fy  ■ ,/+■
As has been shown in  an e a r l ie r  s e c tio n  ?owing to  the  n o n -s ta n d a rd ' 
: na tu re  o f  the A i r > C ir c u i t  , i t  was found necessary to  c a l ib ra te  the  system .;''
yk  G reat d i f f i c u l t y  was experienced w ith  t h is  owing to  the la rg e  volume o f  " 0 \ .
a i r  f lo w . I t  was f i n a l l y  decided to  use a Vane Anemometer as a standard.- /•. A+ 
/( A +4 in *  D a v is 1 C a lib ra te d  Vane. Anemometer, ( fNo. ZA. 4 0 6  ) was th e re fo re  used 
in  the  f o i l  ov/ing way. The c ro s s -s e c tio n  o f  the  tow er was d iv id e d  in to  - I  
fo u r  equal squares. Tho. A i r  Rate was s e t 'b y  a d ju s t in g  the  B u t te r f ly  v a lv e ;if; 
c o n tro l to  a p a r t io u la r  manometer re a d in g  and. the  Vane Anemometer p laced  -  jHh  
: :. over one; square f o r  a measured p e rio d , o f  t im e . The q u a n tity  o f  /a ir /p a s s in g , 
r in  th a t  tim e ' was measured: Ay/ th e f a n a r i^ e te r f th u s  e n a b lin g  the  i.o c a lr a ir r i / 'A Q  
. v e lo c i t y  to  be c a lc u la te d //  4  ® i s  p rocedurePwas repea ted  f o r  each sq u ^Q | y/y- 
A "read ings; b e in g  reco rd e d  a t :eaoh p o in t ,  ■ T h o -a o tu a l a ir - r a te s  f o r  s ix ./'/
A manometer rea d in g s  were/, measured and p lo t te d  on { th e /  same graph as 
: / / th e o r e t ic a l  cu rve , A lthough  every  car© .was taken {to ./e lim in a te : e r r o r  £  A;? A + /I 
y / th e  method used i s  n o t th e  mo s t  a c cu ra te . However, owing to  the  lim it^ d tA A ? ; 
f a c i l i t i e s  .a v a ila b le  f o r  d e a lin g  w ith  a i r  v o lu m e s /o f f th is  iAagnitudd, i t  i s '  7 
the  bes t a v a i la b le . /  -/ The C a lib ra t io n  curve o b ta in e d  was used as the  '
ybasis / te r  / a l l  the
+ / V  . '/A :4 'H '.; :v- {. .'<4. ; ^{/ ^  c a l ib r a t io n  read ings  are ta b u la te d  on tho  nex t Z -
4 p r i ie .  A  + '•"///: I : * ?
Calibration1 Readings. r . ; y.fi
— - —    ------------------------------------------------------------------------------- • + . :  ■ • y .;"
M anom eter  
; R e a d in g s
Anem om eter R e a d in g s  
tim e  f o r  p a s s a g e  o f  600 f t ’ airfsfccn)
V e lo c i t y ,  
(v o lu m e  ; 
p i s s i n g )  +
W t . a i r  
p a s s in g
(  C o r r e c t e d  ) ___ 1 ____ . 2 . 4 : ; A vge ( l b / h r * )
0 *3 2 5 189 . 189
-
192 I 9I T 25 3 .1 3 7 f t ? s T ~ 863
0 *4 9 4 1545 160 158 160 158,12 3 .7 9 4 1044  I f i
0 *7 1 3  #.>
128 125 128, 138 1 2 9 .7 5 4.624 1272  :
0.559 110.5 110 110 119 1 1 2 .3 7 5 .3 3 9 1468
1.269  ' 90 99 99 98 98.75 6.076  - 1671
1.610 85 88 80 98 87.75  i 6.837 1880
• * y  \ 1 % / + • /  - ' . ; ■
T h ese  v a lu e s  w e re  p l o t t e d  on  F i g ,  10 , on th e  same s c a le  a s  th o  t h e o r e t i c a l

